Purdue University

Purdue e-Pubs
Open Access Dissertations

Theses and Dissertations

8-2018

Characterizing the Auxin Herbicide Response in Horseweed
(Erigeron canadensis)
Cara Lynn McCauley
Purdue University

Follow this and additional works at: https://docs.lib.purdue.edu/open_access_dissertations

Recommended Citation
McCauley, Cara Lynn, "Characterizing the Auxin Herbicide Response in Horseweed (Erigeron canadensis)"
(2018). Open Access Dissertations. 2027.
https://docs.lib.purdue.edu/open_access_dissertations/2027

This document has been made available through Purdue e-Pubs, a service of the Purdue University Libraries.
Please contact epubs@purdue.edu for additional information.

CHARACTERIZING THE AUXIN HERBICIDE RESPONSE IN
HORSEWEED (ERIGERON CANADENSIS)
by
Cara Lynn McCauley

A Dissertation
Submitted to the Faculty of Purdue University
In Partial Fulfillment of the Requirements for the degree of

Doctor of Philosophy

Department of Botany & Plant Pathology
West Lafayette, Indiana
August 2018

ii

THE PURDUE UNIVERSITY GRADUATE SCHOOL
STATEMENT OF COMMITTEE APPROVAL

Dr. Bryan G. Young, Chair
Department of Botany and Plant Pathology
Dr. Jo Ann Banks
Department of Botany and Plant Pathology
Dr. William G. Johnson
Department of Botany and Plant Pathology
Dr. Robert E. Pruitt
Department of Botany and Plant Pathology
Dr. Michael Gribskov
Department of Biological Sciences

Approved by:
Dr. Christopher J. Staiger
Head of the Graduate Program

iii

For Shelby, our adventure is just beginning, and I promise it will be an amazing one

iv

ACKNOWLEDGMENTS

It truly takes a village to raise a PhD student and I could not have completed this journey
without a community of support. I would like to express my sincere thanks to my advisory
committee, Drs. Bryan Young, Bill Johnson, Bob Pruitt, Jody Banks, and Michael
Gribskov for their continued support, expertise, and advice throughout my graduate
program. I owe thanks to Dr. Young for taking a chance on an energetic engineering
undergraduate that was interested in weed science and to Drs. Bill Johnson and Bob Pruitt
for helping me find the right place at Purdue and always supporting me during times of
frustration and success. I would like to thank Dr. Banks for taking me under her molecular
biology wing, for teaching me skills and confidence in the laboratory, and being a role
model as an accomplished woman in science. I owe thanks for Dr. Gribskov for expertise
and support in learning bioinformatics.
Additionally, thank you to Dr. Peter Goldsbrough for serving on my preliminary
exam committee and always showing support for my success. I am grateful to the Purdue
Genomics Core, particularly Dr. Philip San Miguel and Allison Sorg, for their advice and
commitment to ensure quality analysis of my sequencing project. I owe thanks to Jyothi
Thimmapuram and Ketaki Bhide for technical expertise and kindness in helping me
understand the world of bioinformatics. Thank you to Julie Young, whose technical support
in all aspects of my project were vital to my success, and Hilda Ibriga for continued
patience and statistical expertise. I would like to acknowledge Dr. Scott McAdam and
Marianne Bischoff-Gray for their enduring technical assistance and support during the final
year of my graduate project

v
Finally, I would like to thank all past and present members of the Purdue Weed
Science Group, particularly Jodi Boe, Garth Duncan, Joey Heneghan, Joe Ikley, Jamie
Long, and Leah Sandler for their friendship, humor, and assistance from the beginning.
Thank you to Banks lab members, Mir Asgar, Chao Cai, and Matt Nordland for their
assistance and camaraderie in the lab. I owe thanks to Dr. Kevin Gibson, Felica AhasteenBryant, and the entire NAECC and Sloan community for always being a positive support
group.

vi

TABLE OF CONTENTS

LIST OF TABLES ............................................................................................................. ix
LIST OF FIGURES ............................................................................................................ x
ABSTRACT ..................................................................................................................... xiii
LITERATURE REVIEW ......................................................................... 1
1.1

Horseweed Biology and Management .................................................................... 1

1.2

Synthetic Auxin Herbicides .................................................................................... 6

1.2.1

History and Application ................................................................................... 6

1.2.2

Mode of Action ................................................................................................ 8

1.2.3

Resistance to Synthetic Auxin Herbicides ..................................................... 10

1.3

Transcriptomics Approach in Weed Science ........................................................ 16

1.4

Summary and Justification of Research ................................................................ 18

1.5

Literature Cited ..................................................................................................... 23
EFFICACY OF HALAUXIFEN-METHYL ON GLYPHOSATE-

RESISTANT HORSEWEED (ERIGERONS CANADENSIS).......................................... 34
2.1

Abstract ................................................................................................................. 34

2.2

Introduction ........................................................................................................... 35

2.3

Materials and Methods .......................................................................................... 37

2.4

Results and Discussion ......................................................................................... 41

2.4.1

Auxin Herbicides and Glyphosate. ................................................................ 41

2.4.2

E. canadensis Height ..................................................................................... 43

2.5

Acknowledgments................................................................................................. 46

2.6

Literature Cited ..................................................................................................... 52
DIFFERENTIAL

RESPONSE

OF

HORSEWEED

(ERIGERON

CANADENSIS) TO HALAUXIFEN-METHYL, 2,4-D, AND DICAMBA .................... 56
3.1

Abstract ................................................................................................................. 56

3.2

Introduction ........................................................................................................... 57

3.3

Materials and Methods .......................................................................................... 61

3.3.1

Population Collection .................................................................................... 61

3.3.2

Auxin Dose-Response ................................................................................... 62

vii
3.3.3

Diflufenzopyr Tank Mixture.......................................................................... 63

3.3.4

Agar-Based Root Inhibition Assays .............................................................. 64

3.4

Results and Discussion ......................................................................................... 65

3.4.1

Auxin Dose-Response ................................................................................... 65

3.4.2

Diflufenzopyr Tank Mixture.......................................................................... 67

3.4.3

Agar-Based Root Inhibition Assays .............................................................. 69

3.5

Acknowledgments................................................................................................. 71

3.6

Literature Cited ..................................................................................................... 75
COMPREHENSIVE

TRANSCRIPTOME

ANALYSIS

OF

THE

SYNTHETIC AUXIN HERBICIDE RESPONSE IN THE PROBLEMATIC WEED
SPECIES ERIGERON CANADENSIS .............................................................................. 80
4.1

Abstract ................................................................................................................. 80

4.2

Introduction ........................................................................................................... 81

4.3

Materials and Methods .......................................................................................... 85

4.3.1

Reference Genome Annotation...................................................................... 85

4.3.2

Plant material and growth conditions ............................................................ 85

4.3.3

RNA Extraction and Whole-Transcriptome Sequencing .............................. 86

4.3.4

Differential Gene Expression Analysis ......................................................... 86

4.3.5

Expression Analysis Validation (qRT-PCR) ................................................. 87

4.3.6

Gene Ontology Enrichment Analysis ............................................................ 88

4.4

Results and Discussion ......................................................................................... 89

4.4.1

Transcriptome Analysis ................................................................................. 89

4.4.2

Differential Gene Expression Analysis Overview ......................................... 89

4.4.3

Analysis of Genes Associated with Auxin, Abscisic Acid, and Ethylene ..... 90

4.4.4

GO Term Enrichment of Differentially Expressed Genes ............................. 93

4.5

Conclusion ............................................................................................................ 94

4.6

Acknowledgments................................................................................................. 95

4.7

Literature Cited ................................................................................................... 103
AUXIN HERBICIDES TRIGGER ABSCISIC ACID BIOSYNTHESIS

INDEPENDENTLY OF TURGOR OR ETHYLENE ................................................... 109
5.1

Introduction ......................................................................................................... 109

viii
5.2

Materials and Methods ........................................................................................ 112

5.2.1

Plant Growth Conditions ............................................................................. 112

5.2.2

RNA Extraction and qRT-PCR Analysis .................................................... 112

5.2.3

ABA Extraction and Quantification ............................................................ 113

5.2.4

Leaf Water Potential Quantification ............................................................ 114

5.2.5

Ethylene Evolution Quantification .............................................................. 114

5.2.6

Statistical Analysis....................................................................................... 115

5.3

Results and Discussion ....................................................................................... 115

5.3.1

ABA ............................................................................................................. 115

5.3.2

Leaf Water Potential .................................................................................... 115

5.3.3

Ethylene ....................................................................................................... 116

5.4

Literature Cited ................................................................................................... 122
CONCLUSIONS ................................................................................... 125

APPENDIX A.1 .............................................................................................................. 131
APPENDIX A.2 .............................................................................................................. 133
VITA ............................................................................................................................... 151

ix

LIST OF TABLES

Table 2.1. Glyphosate-resistant Erigeron canadensis control ratings 14 and 28 days after
treatment (DAT) and end-of-season inflorescent plant density in a field study conducted in
Brookston and Cortland, IN .............................................................................................. 47
Table 2.2. Logistic regression parameter estimates to predict the probability of control for
two Indiana glyphosate-resistant Erigerson canadensis populations in 2015 and 2016 in
response to three synthetic auxin herbicides. Data were combined over locations and years.
........................................................................................................................................... 48
Table 3.1. GR50 value estimates from a whole-plant bioassay of two Indiana horseweed
populations (data combined) following foliar application of three synthetic auxin
herbicides applied to rosette and bolted heights under controlled environmental conditions.
........................................................................................................................................... 72
Table 3.2. Efficacy of auxin herbicides and diflufenzopyr on rosette horseweed as
influenced by herbicide rate under controlled environmental conditions. ........................ 73
Table 3.3. GR50 and GR90 value estimates from an agar-based bioassay of two Indiana
horseweed populations (data combined) for root length and root length as a percentage of
the nontreated control in response to three synthetic auxin herbicides. ........................... 74
Table 4.1. Number of differentially expressed genes (adjP ≤ 0.05) from each analysis
method............................................................................................................................... 96
Table 4.2. Primer sequences used for qRT-PCR validation of gene expression in horseweed.
........................................................................................................................................... 96
Table 4.3. Differentially expressed genes discussed in text. Relative fold change (Log2FC)
values from DEseq2 analysis. ........................................................................................... 97
Table 5.1. Relative expression levels of 9-cis-epoxycarotenoid dioxygenase (NCED) in
horseweed leaves treated with synthetic auxin herbicides compared to water-only treatment
as predicted by qRT-PCR and RNA-Seq. ....................................................................... 118

x

LIST OF FIGURES

Figure 1.1. Chemical structures of (a) IAA, (b) 2,4-D, (c) dicamba, and (d) halauxifenmethyl. .............................................................................................................................. 20
Figure 1.2. Fundamental auxin response pathway via recognition by TIR1/AFB receptors.
Auxin, both naturally-occurring IAA or synthetic auxin compounds, bind a TIR1/AFB
receptor and acts as a molecular glue to recruit Aux/IAA repressor proteins to form a
ternary complex. Degradation of Aux/IAA allows for subsequent ARF-mediated auxininduced gene expression. Adapted from Woodward and Bartel 2005.............................. 21
Figure 1.3. Proposed model of the auxin pathway depicting the cascade of complex
processes after auxin treatment, including downstream alteration of molecule
concentrations and resultant plant effects. At low auxin concentrations, the auxin-response
genes are repressed. At high auxin concentration, auxin binds the repressor protein and the
auxin-response genes are activated. Increased expression of NCED and ACS result in
increased synthesis of ABA and ethylene, respectively. The rapid increase of the two plant
hormones triggers senescence pathways and ultimately results in plant death. Adapted from
Grossmann 2010. .............................................................................................................. 22
Figure 2.1. Molecular structure of halauxifen-methyl. ..................................................... 49
Figure 2.2. The influence of glyphosate-resistant Erigeron canadensis height on the
probability of Erigeron canadensis control. Plots displayed represent the (a) medium rate,
(b) high rate, and (c) auxin plus glyphosate tank mixture. The solid horizontal line indicates
the 90% probability of Erigeron canadensis control. The plant height at which a treatment
line crosses this reference line approximates the PR90 values shown in Table 2.2. .......... 50
Figure 4.1. Venn diagrams illustrating differentially expressed genes in horseweed
following synthetic auxin herbicide application. Increase or decrease in expression was
determined by three analysis methods: edgeR, DESeq2, and Cufflinks; pairwise
comparisons were made between each herbicide treatment and the water (control)
treatment at the same time point. Genes that were significantly differentially expressed

xi
(adjP ≤ 0.05) in at least two of the three analysis methods are shown. A. upregulated 1
HAT; B. downregulated 1 HAT; C. upregulated 6 HAT; D. downregulated 6 HAT. ...... 98
Figure 4.2. Scatter plots of relative expression measured by qRT-PCR versus estimation
from RNA-seq. Each plot represents five genes measured following three herbicide
treatments at two time points; 30 unique points of comparison for each of the differential
gene expression analysis methods is shown with the corresponding R2 value; A. DESeq2,
B. edgeR, C. Cufflinks. ..................................................................................................... 99
Figure 4.3. Functionally grouped biological process GO terms specific for horseweed genes
upregulated by 2,4-D, dicamba, and halauxifen-methyl at 1 HAT. The node size represents
the term enrichment significance. Node labels are described in Appendix A.2. ............ 100
Figure 4.4. Functionally grouped biological process GO terms specific for horseweed genes
upregulated by 2,4-D, dicamba, and halauxifen-methyl at 6 HAT. The node size represents
the term enrichment significance. Node labels are described in Appendix A.2. ............ 101
Figure 4.5. Functionally grouped biological process GO terms specific for horseweed genes
downregulated by 2,4-D, dicamba, and halauxifen-methyl at 6 HAT. The node size
represents the term enrichment significance. Node labels are described in Appendix A.2.
......................................................................................................................................... 102
Figure 5.1. Changes in ABA concentration in horseweed leaves 1 and 6 HAT following
foliar application of synthetic auxin herbicides. Data represents the mean of three replicates
± SE. A ‘*’ denotes significant difference in value compared to water (control) within the
same time point according to the Student’s t-test (α=0.05). ........................................... 119
Figure 5.2. Leaf water potential of horseweed leaves 1, 6, and 72 hours after treatment
(HAT) with synthetic auxin herbicides. Data represents the mean of three replicates ± SE.
A ‘*’ denotes significant difference in value compared to water (control) within the same
time point according to the Student’s t-test (α=0.05). .................................................... 120
Figure 5.3. Ethylene evolution from horseweed leaves 6 and 24 hours after treatment (HAT)
with synthetic auxin herbicides. Data represents the mean of three replicates ± SE. A ‘*’
denotes significant difference in value compared to water (control) within the same time
point according to the Student’s t-test (α=0.05). ............................................................ 121

xii
Figure 6.1. Theoretical model of the auxin pathway in Erigeron canadensis depicting the
cascade of complex processes after auxin treatment. After foliar application of 2,4-D,
dicamba, and halauxifen-methyl at lethal rates of 560, 280, and 5 g ha-1, respectively,
increased expression of NCED and subsequent increase of ABA concentration in the leaf
occurred. Increased ethylene evolution was observed following the 2,4-D and dicamba
treatment, but not following halauxifen-methyl treatment. Adapted and revised from
Grossmann 2010. ............................................................................................................ 130

xiii

ABSTRACT
Author: McCauley, Cara L. PhD
Institution: Purdue University
Degree Received: August 2018
Title: Characterizing the Auxin Herbicide Response in Horseweed (Erigeron canadensis)
Committee Chair: Bryan G. Young
Auxin herbicides such as 2,4-D and dicamba have been used for over 70 years to control
problematic broadleaf weed species. The auxin herbicide mode of action, particularly the
precise mechanism in which auxin herbicides initiate the cascade of physiological effects
that results in plant death, has yet to be fully characterized. As novel auxin herbicides are
commercialized, it is important to understand the activity of new actives in relation to older
chemistry. The first objective of this research was to evaluate the value of halauxifenmethyl, a new arylpicolinate auxin compound, against current auxin standards to manage
glyphosate-resistant horseweed (Erigeron canadensis). The second objective was to
employ a transcriptomic approach and utilize classic physiology to investigate the auxin
herbicide mode of action. In field efficacy studies, halauxifen-methyl consistently
controlled horseweed up to 19 cm in height. A comparable field use rate of dicamba
controlled horseweed up to 17 cm in height while 2,4-D failed to control horseweed of any
height. Greenhouse and agar-based root inhibition assays confirmed observations made in
the field. These results indicate that halauxifen-methyl has the potential to manage
horseweed with equivalent or greater control than other current auxin herbicide standards.
Within 1 hour of treatment (HAT), 48 genes were consistently upregulated across
the three herbicides, many of which are involved in the auxin-activated signaling pathway
and general auxin response. The enzyme involved in the rate-limiting step of ABA
biosynthesis, NCED, was upregulated in all herbicide treatments at 1 and 6 HAT. Increased
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ABA concentration in leaf tissue at 6 HAT supported RNA-seq results. Interestingly, auxin
herbicides directly upregulated NCED expression and ABA accumulation in a manner
independent from ethylene biosynthesis as previously suggested. These results provide
novel evidence that ABA, but not necessarily ethylene, is a key player in initial auxin
herbicide mode of action. At 6 HAT, 735 genes were upregulated by all herbicide
treatments; these genes were associated with hormone signaling, metabolism, and gene
expression. The GO terms representing the 501 genes downregulated in all herbicide
treatments were broadly categorized under photosynthesis. At 6 HAT, over 50% of the
genes differentially expressed among the three herbicide treatments were unique to a single
active ingredient.
While there are an abundance of transcriptome similarities induced by each herbicide
that account for the general auxin herbicide response, distinct gene expression changes
exclusive to each compound cannot be ignored as a contributor to the mode of action.
Future research should include a fine-tuned pathway analysis and identification of key
genes involved in upstream transcriptome regulation in horseweed to further differentiate
auxin herbicide action by active ingredient. Overall, the interdisciplinary nature of the
research presented in this dissertation provides valuable insight on the action of auxin
herbicides on horseweed.

1

LITERATURE REVIEW

1.1

Horseweed Biology and Management
Horseweed (Erigeron canadensis L.) is a dicotyledonous plant native to North

America. Also commonly known as Canada fleabane or marestail, this ubiquitous species
is found in a variety of locales and is the subject of weed management efforts along
roadsides, rights-of-ways, orchards, landscaping areas, and arable terrain. A member of the
Asteraceae family, horseweed is self-compatible (Mulligan and Findlay 1970) and
predominately self-pollinating (Huang et al. 2015). Horseweed exhibits two distinct growth
stages: a rosette vegetative growth stage and a bolted erect reproductive growth stage that
can reach up to 180 cm in height (Weaver 2001).
Classified as both a summer and winter annual, horseweed can germinate and
emerge throughout the growing season (Buhler and Owen 1997). Weed emergence is not
easily predicted, as many studies have shown inconsistent response to soil temperature and
pH, air temperature, and rainfall, with some reports indicating that emergence can occur
almost any month of the year (Main et al. 2006, Nandula et al. 2006, Shrestha et al. 2008).
This elastic growth pattern allows for a continuous life cycle as fall-germinated plants can
overwinter as rosettes and resume growth in the spring. These plants will complete their
life cycle with non-dormant seed production in early fall. Spring-germinated seeds bypass
the rosette stage and are able to complete their life cycle in time to produce seeds by early
fall as well (Bhowmik and Bekech 1993). Each small seed, with an average weight of 0.072
mg (Fenner 1983), is individually equipped with a pappus that allows for long-range seed
dispersal greater than 500 m (Dauer et al. 2007, Huang et al. 2015). While 99% of the seed
produced by a single plant is typically found within 100 m of the source (Dauer et al. 2007),
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the potential for seed dispersal over such distance allows for wind-mediated propagation
across the landscape. Depending on the density of plants, which can occur up to 200 plants
m-2 under normal field conditions, a single horseweed plant can produce up to 200,000
seeds (Bhowmik and Bekech 1993). These aforementioned weedy characteristics such as
high seed production and flexible growth patterns make horseweed an ideal problematic
plant species.
Historically, horseweed management within agricultural areas has been satisfactory
with non-chemical control strategies such as hand weeding or tillage. Tillage nearly
eliminated horseweed emergence in a 3-year study within a cotton production system
(Brown and Whitwell 1988). Similar results were confirmed in soybean fields where
conventional or minimum tillage alone was sufficient to fully prevent horseweed
emergence (Kapusta 1979). While surface plant residue that remains following
conservation or reduced-tillage practices can delay horseweed seed germination and reduce
total horseweed emergence (Bhowmik and Bekech 1993), the shallow germination
requirement of horseweed permits seeds that remain on the soil surface to readily germinate.
Increasing awareness of the benefits of soil conservation and the release of glyphosateresistant crops in the 1990’s facilitated a shift to a no-till or conservation tillage practices
(Triplett and Dick 2008). The technology that included glyphosate-resistant soybean
(introduced in 1996), cotton (introduced in 1997), and corn (introduced in 1998), was
rapidly adopted and provided growers an alternate approach to crop production that
focused on the sole use of glyphosate as a weed management tool. Growers were able to
rely on glyphosate, a non-selective herbicide, for unprecedented postemergence weed
control in corn, soybean, and cotton; tillage was no longer necessary (Young 2006). Due
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to the availability of the technology in three major crop species that were often part of a
crop rotation system, the previous need for diversified chemical and mechanical
management options was eliminated. This “silver bullet” of weed management provided
exceptional weed control until decreased sensitivity of some weed species was observed
following glyphosate application (Shaner et al. 2012). The consistent selection pressure
due to the dependence on a single herbicide active ingredient resulted in the evolution of
glyphosate-resistant weed species with a few years of use (Webster and Nichols 2012,
Young 2006). These two substantial changes in production practices, the simplification to
the use of a single herbicide active ingredient multiple times throughout the growing season,
and reduction in tillage practices, have resulted in increased proliferation of glyphosateresistant weed species that can germinate at or near the soil surface (Owen 2008).
The first report of glyphosate resistance in an annual broadleaf species was documented
in horseweed in Delaware (VanGessel 2001). Since this initial discovery, 293 unique cases,
164 of which are from the United States, of a weed species evolving resistance to
glyphosate throughout the world have been reported (Heap 2018). Limited alternative
herbicide modes of action are available for effective management of glyphosate-resistant
(GR) horseweed in no-till cropping systems. In soybean, an alternative postemergence
chemical management option includes acetolactate synthase (ALS)-inhibiting herbicides
such as chlorimuron-ethyl or cloransulam-methyl. While the first horseweed biotype
resistant to ALS-inhibiting herbicides was identified in Israel in 1993, the occurrence
within the United States represented the initial case of resistance evolution within a
production soybean field (Heap 2018). Within three years of the first report of GR
horseweed, instances of individual biotypes exhibiting resistance to both glyphosate and
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ALS-inhibiting herbicides were reported in Ohio (Trainer et al. 2005). With the continued
evolution and spread of herbicide-resistant biotypes across the United States, including
Indiana (Kruger et al. 2009), horseweed has become known as “one of the most
problematic, noxious, invasive, and widespread weeds in modern day agriculture” (Bajwa
et al. 2016). Weedy growth characteristics such as long-distance seed dispersal and roughly
year-round emergence of horseweed has enabled the species to achieve this title.
Within agriculture, horseweed is found in many cropping systems, but is
particularly problematic in undisturbed environments such as no-till crop production fields,
notably in soybean fields where there are more limited chemical management options
(Davis et al. 2009, Gibson et al. 2006). As herbicide-resistant biotypes continue to spread,
alternative chemical management strategies have been employed. Preplant applications,
where herbicides are used in the spring before crop planting to control early emerged weeds,
have been an important tool for managing many weeds species such as horseweed, since
more herbicide chemistry options are available prior to crop planting. The auxin herbicides
2,4-D and dicamba have been commonly used within chemical weed management
programs for horseweed control prior to planting corn or soybean (Bruce and Kells 1990,
Kruger et al. 2008), but there are restrictions for in-crop use in corn (Anonymous 2010,
2017a) and these herbicides are not labeled for in-crop use in soybean (Anonymous 2010).
However, the recent commercialization of dicamba-resistant crops (soybean and cotton)
and potential future release of 2,4-D-resistant crops (corn, soybean, cotton) allow for inseason applications of auxin herbicides as well. While there is research that reports a high
level of efficacy of these herbicides when used in tank-mix combinations with glyphosate
as preplant or postemergence treatments (Byker et al. 2013), continuous use of these
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herbicides will incite selection pressure for horseweed to evolve resistance to this
chemistry. Although these herbicides initially had a high level of activity on horseweed,
reports have shown differential sensitivity of some biotypes to the synthetic auxin
herbicides (Kruger et al. 2008, Oseland et al. 2018).
With the flexibility to make in-season applications of dicamba and 2,4-D within an
emerged crop, it is likely that herbicide applications will be made to weeds of varying
heights, including heights that exceed the label recommendation of 4 inches (Anonymous
2017b). There are conflicting reports that examine the influence of horseweed height on
auxin herbicide efficacy. Horseweed treated with 560 g ha-1 of 2,4-D resulted in nearly 100%
control when sprayed at 30 cm, but less than 50% control was observed for rosette-size
plants (Wiese et al. 1995). Keeling et al. (1989) concluded that at rates of 0.6, 1.1, and 2.2
kg ha-1, 2,4-D application resulted in a considerable reduction in control of bolted
horseweed plants at a 10 to 15 cm height compared with rosette-sized plants. Other research
reported that 2,4-D and dicamba application resulted in equivalent control of horseweed
up to 30 cm in height, while dicamba had a higher level of efficacy on plants taller than 30
cm compared to 2,4-D (Kruger et al. 2010). This study also reported relatively little
influence of horseweed height on dicamba efficacy. Research on the interaction between
horseweed height and the efficacy of 2,4-D and dicamba is complicated due to varying
environmental conditions throughout the horseweed growing season. Because of the
novelty of halauxifen-methyl, there is no published data on the efficacy of this active
ingredient on horseweed at any height.
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1.2

Synthetic Auxin Herbicides

1.2.1

History and Application

Auxins are a class of plant hormones that take part in nearly every aspect of plant growth
and development. The principal, naturally-occurring auxin, indole-3-acetic acid (IAA)
elicits auxin-responsive genes to be transcribed through a transcription factor
repression/de-repression pathway (Pierre-Jerome et al. 2013). While 2,4-D was first
recorded in publication by Robert Pokorny in 1941, there is evidence that the synthesis of
the phenoxyacetic acid molecule occurred years before (Slade et al. 1945, Troyer 2001).
Since its discovery, the synthetic auxin-like chemical has been primarily utilized as a
herbicide, but can also be used in basic plant biology as a growth stimulator when present
at low concentrations (Grossmann 2010, Pokorny 1941). The commercial herbicide
potential of 2,4-D was founded in the specificity of the compound to control broadleaf
weed species in grass crops, such corn and wheat, which led to it being the most-used
pesticide from 1960 to 1971 (Lin et al. 1995). The success of 2,4-D bolstered interest in
auxin-like chemistry and resulted in the discovery of other synthetic auxin-like compounds
such as dicamba, quinclorac, clopyralid, and picloram (Sterling and Hall 1997).
Typically, 2,4-D and dicamba are used for broadleaf weed control in residential
landscapes, rights-of-ways, and production agriculture. In lawns and landscapes, these
herbicides are important components of dandelion (Taraxicum officionale F. H. Wigg) and
Canada thistle (Cirsium arvense (L.) Scop.) management due to the high level of control
and absence of injury to grass (Mann 1981, Wilson and Michiels 2003). Within field crop
systems, these herbicides are often used prior to planting corn or soybean to control
problematic broadleaf weed species such as giant ragweed (Ambrosia trifida L.) (Vink et
al. 2012), Russian thistle (Salsola iberica) (Everitt and Keeling 2007), and pigweeds such
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as Palmer amaranth (Amaranthus palmeri S. Watson) and waterhemp (Amaranthus
tuberculatus (Moq.) J. D. Sauer) (Meyer et al. 2016). In soybean, the residual activity of a
preplant dicamba application has the potential to be more injurious to the emerging crop
and, therefore, more stringent label requirements exist, such as a precipitation-based time
interval from the time of application to time of planting soybean (Anonymous 2010,
Thompson et al. 2007). In 2012, 2,4-D was applied to 11% of the total US soybean acres,
13% of the total US wheat acres, and 8.5% of the total US corn acres (USDA-NASS 2012,
WSU 2013). The repeated use of 2,4-D in cereal production shifted the weed community
from predominately broadleaf weeds to grass weeds (Hanson et al. 2013). This indicates
that the auxin herbicides are not exempt from issues resulting from their overuse.
Currently, the Weed Science Society of America (WSSA) recognizes 15 unique
active ingredients within the synthetic auxin mode of action, specified as group 4, or group
O as defined by the Herbicide Resistance Action Committee (HRAC). Halauxifen-methyl
is a new compound and represents the first commercialized herbicide within the
arylpicolinate chemical class in the synthetic auxin herbicide mode of action (Figure 1.1).
Halauxifen-methyl has the potential to control various broadleaf weed species, including
Sumatran fleabane (Erigeron sumatrensis (Retz.) E. Walker) and hairy fleabane (Erigeron
bonariensis L.) under a range of environmental conditions (Anonymous 2017c, Braz et al.
2017, Love et al. 2016). Given the low use rate of 5 g ae ha-1 and different preferred binding
site compared with other auxin herbicides, halauxifen-methyl is an alternative Group 4
herbicide that can be incorporated into many weed management programs (Bell et al. 2014,
Schmitzer et al. 2015).
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1.2.2

Mode of Action
While synthetic auxin herbicides have been used for over 70 years, the precise

mode of action that leads to plant death has yet to be fully characterized. Within the auxin
class of herbicides, there are five commonly accepted chemical families. These families
are defined based on structural properties, and active ingredients have been proposed to be
differentiated based on their relative affinity for the many redundant auxin receptors (Parry
et al. 2009, Walsh et al. 2006). Most modern research has focused on the classification of
these receptors, Transport Inhibitor Response 1 (TIR1) and Auxin Signaling F-Box (AFB),
indicating the initial signal transduction of high auxin concentration dictates subsequent
auxin response (Dharmasiri et al. 2005, Kepinski and Leyser 2005). There are five
proposed homologs of TIR1 in Arabidopsis thaliana (Arabidopsis), denoted as AFB1
through 5, that represent the TIR1/AFB receptor class (Walsh et al. 2006). Figure 2.2
illustrates the fundamental auxin recognition pathway. In this model, auxin binds the
TIR1/AFB receptor; this interaction promotes the recruitment of the Aux/IAA
transcriptional repressor to form a ternary complex of auxin, TIR1/AFB, and Aux/IAA.
The stability of this complex, in which auxin has been referred to as the “molecular glue”
binding TIR1/AFB to Aux/IAA, permits further interaction with a Skp-Cullin-F-box
containing (SCF) complex that initiates ubiquitination of the Aux/IAA protein (Tan et al.
2007). The ubiquitin tag is a target for degradation of Aux/IAA by the 26S proteasome.
Degradation of Aux/IAA triggers two major outcomes: destabilization of the auxin and
TIR1/AFB interaction, which results in return of auxin to the available auxin pool, and derepression of the ARF transcription factor, which allows for auxin-responsive transcription.
This endogenous recognition pathway is essential to plant growth and development and

9
occurs throughout the plant. This pathway is exploited when unnaturally high, or herbicidal,
levels of auxins are applied (Figure 1.3).
Colloquially, it has been accepted that exogenous application of auxins at a
herbicidal level causes the plant to “[grow] themselves to death” due to the massive
overhaul of this pathway (Gilbert 1946), but the precise mechanism has not been
thoroughly characterized to corroborate this statement. Comprehensive work on the auxin
response, particularly the IAA-induced response in Arabidopsis, has provided a foundation
for studies that investigate these compounds at herbicidal rates (Paponov et al. 2008). An
experiment that included six unique auxins, including IAA, 2,4-D, and dicamba, first
reported the auxin-induced transcriptome in etiolated Arabidopsis seedlings (Pufky et al.
2003). While some work has found that specific Aux/IAA proteins may attenuate the
effects of auxin herbicides such as 2,4-D (Xu et al. 2015a), most research has focused on
the disruption of the homeostasis of two plant hormones: ethylene and abscisic acid (ABA)
(Grossmann 2010). Two key enzymes have been implicated as key players in eliciting the
auxin herbicide response: 1-aminocyclopropane-1-carboxylate synthase (ACS), which
catalyzes the rate-limiting step in ethylene biosynthesis, and 9-cis-epoxycarotenoid
dioxygenase (NCED), which catalyzes the rate-limiting step in ABA biosynthesis
(Grossmann 2010). The upregulation of ACS, which leads to a subsequent increase in
ethylene, has been documented following dicamba treatment (Gleason et al. 2011, Pettinga
et al. 2017). Not all published research confirms the hypothesis of consistent ACS
upregulation following auxin herbicide application. Raghavan et al. (2006) reported no
differential gene expression of ACS in Arabidopsis following 0.1 or 1.0 mM 2,4-D
treatment, but reported induction of ethylene biosynthesis genes at lower 2,4-D
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concentrations. It is not clear if the inconsistencies in results are due to differences in
experimental design, or if the response varies among active ingredients and by species. In
reference to explaining auxin herbicide mode of action, analysis of the plant response to
high concentrations of herbicides is of the greatest interest.
Abscisic acid has been implicated as a key player in the auxin herbicide mode of
action in many plant species. Scheltrup and Grossmann (1995) first reported ABA
accumulation in cleavers (Galium aparine L.) following exposure to quinmerac, a synthetic
auxin compound, and hypothesized that subsequent stomatal closure was a direct response
of the increase in ABA. Follow-up experiments that included IAA, dicamba, picloram, and
quinclorac concluded that exogenous auxin activates NCED gene expression, which leads
to increased ABA biosynthesis (Kraft et al. 2007). Auxin-induced ethylene is theorized to
post-transcriptionally upregulate NCED as well (Hansen and Grossmann 2000, Kraft et al.
2007), but further work is necessary to confirm if this phenomenon occurs following
application of all auxin compounds and in all target weed species. Upregulation of NCED
1 hour after 2,4-D treatment was reported in an microarray experiment in Arabidopsis
(Raghavan et al. 2005). In summary, it has been proposed that the upregulation of ACS
and NCED, and subsequent increase in ethylene and ABA, respectively, lead to plant death
(Grossmann 2010).
1.2.3

Resistance to Synthetic Auxin Herbicides
Defined by WSSA as “the inherited ability of a plant to survive and reproduce

following exposure to a dose of herbicide normally lethal to the wild type,” herbicide
resistance has been a colloquial term in the agronomic community (WSSA 1998).
Resistance and tolerance, “the inherent ability of a species to survive and reproduce after
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herbicide treatment,” are repeatedly and incorrectly used interchangeably (WSSA 1998).
Cross resistance occurs when a species is resistant to two or more families with the same
mode of action; conversely, multiple resistance correctly describes a species that is resistant
to more than one herbicide from multiple, distinct modes of action. Deciphering the
difference between cross and multiple herbicide resistance is not straightforward,
specifically when referring to herbicide groups in which the mode of action is not fully
characterized, such as with the synthetic auxins.
The unique and not fully characterized synthetic auxin herbicide mode of action
likely influences the resistance response. Root physiology is a key part of this response,
due to the endogenous activity of auxin on root initiation and development in typical plant
growth conditions. Altered root physiology of wild type Arabidopsis, compared to auxininsensitive mutants, following auxin treatment demonstrates that auxin-induced growth
abnormality may be part of the herbicide response (Estelle and Somerville 1987). Root
growth has been used as a measure of the differential chemical specificity of auxin
herbicides on multiple Arabidopsis mutants; this research shows that AFB5-deficient
Arabidopsis has decreased sensitivity to picloram but not to 2,4-D (Walsh et al. 2006). This
selectivity is receptor-based and mutants were introduced via EMS mutagenesis, so it is
impossible to extrapolate how these mutations may transpire in the field. Often the auxin
herbicide mode of action is considered collectively, with the vernacular meaning including
“auxin herbicide-resistant weed”, but a more specific use of terms clarifying which
subclass of auxins the resistance is associated with should be provided.
There are non-EMS, or naturally-occurring, resistant biotypes with auxin receptors
that have differential affinity for auxins. Studies have found that reduced binding affinity
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of auxin herbicides to receptors within resistant wild mustard (Sinapis arvensis L.) may
account for its resistance mechanism, but conclusions were not consistent across the
different active ingredients examined (Webb and Hall 1995). Additional research
conducted on auxin receptors has noted variable selectivity of different auxin chemistries
by active ingredient (Gleason et al. 2011, Tan et al. 2007, Walsh et al. 2006). As more
research is targeted to investigate the role of receptor-specific sensitivity, a more complete
understanding of these redundant auxin receptors will be reported and aid in the
characterization of the complete auxin herbicide mode of action. Differential H+ flux has
been described between resistant (R) and susceptible (S) biotypes treated with different
auxins as well. Increased H+ efflux into the cell differed between R and S biotypes in
protoplast studies, but the authors did not identify the mechanism responsible for the
difference in picloram sensitivity (Deshpande and Hall 2000). When considered
collectively, this research further reinforces the idea that not all auxin herbicides affect
resistant biotypes in the same way.
Synthetic auxin herbicide research, beyond potential binding and protoplast studies,
have focused more on investigating genetic differences in resistant biotypes at the wholeplant level, as well as on the cellular effects of those dissimilarities. Zheng and Hall (2001)
explored auxin herbicide resistance in wild mustard by comparing physiological,
biochemical, and genetic differences between R and S biotypes. The researchers utilized
molecular techniques to compare results obtained in wild mustard studies to more detailed
research in Arabidopsis. No difference was found in uptake, transport, or metabolism of
auxin herbicides between R and S biotypes, but differences in downstream responses were
documented. As illustrated in Figure 1.3, an increase in ethylene production is associated
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with auxin-response gene activation; this was verified in the S biotype, which synthesized
six-fold more ethylene compared with the R biotype. The role of Ca2+ in signal transduction
was investigated; seedlings supplemented with Ca2+ were less affected by auxin herbicide
treatment. The theory proposed based on this experiment, that the interaction of auxin and
the regulation of Ca2+ homeostasis is involved in the general auxin response, has been
confirmed in other research as well (Bush 1995, Singla et al. 2006, Zheng and Hall 2001).
Genetic differences were evaluated using a restriction fragment length
polymorphism analysis, which showed the percentage of polymorphism between R and S
wild mustard biotypes to be 35% (Zheng and Hall 2001). This considerable difference
indicates either different environmentally-mediated evolutionary history, which is most
likely, or that there is large genetic variation between R and S biotypes. Further
confirmation of this result by research on near-isogenic lines would eliminate the
variability due to the evolutionary history and further narrow the polymorphisms to those
that reflect actual genetic differences related to the auxin herbicide resistance mechanism.
Burke et al. (2009) investigated a 2,4-D-resistant biotype of prickly lettuce (Lactuca
serriola L.) and documented that the resistant biotype was 25 times less sensitive to 2,4-D
than the susceptible biotype. In the study, seeds from one individual were used and the
known susceptible biotype was retrieved from an adjacent field, so a divergent evolutionary
history is unlikely. A progeny experiment in which resistant individuals were allowed to
self-pollinate, demonstrated that the resistant biotype did not produce susceptible offspring,
implying that the resistance “trait(s)” does/do not segregate. Even though auxin herbicide
resistance, and more specifically 2,4-D resistance, has been slow to manifest, increased
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commercial use of the auxin herbicides is likely to increase the evolution of resistant weed
species.
Field-collected dicamba-resistant kochia (Kochia scoparia (L.) Scrad.) populations
have been identified in many states in the western United States. In contrast to previous
research on prickly lettuce, preliminary research suggests multiple mechanisms of
resistance among the biotypes (Cranston et al. 2001, Goss and Dyer 2003, Preston et al.
2009). Fitness cost analysis concludes that there is a severe penalty associated with a single
gene responsible for resistance in a Nebraska population, this expense of possessing the
trait is likely responsible for the relatively low dispersal of the resistance mechanism (Wu
et al. 2017). An investigation of a Colorado population confirmed that reduced herbicide
translocation was implicated in the resistance mechanism, but there was no difference in
absorption, translocation, or metabolism of the herbicide in a population from Kansas (Ou
et al. 2017). Further research concluded that increased production of chalcone synthase, an
enzyme involved in the flavonol biosynthetic pathway, is associated with the resistance
response (Pettinga et al. 2017). Continued research efforts are underway to further
characterize this resistance mechanism.
A 2,4-D-resistant waterhemp population from Nebraska was first reported in 2012
(Bernards et al. 2012) and populations in other Midwestern states have also been identified
to be 2,4-D-resistant and exhibit multiple resistance to ALS- and photosystem II-inhibiting
herbicides as well (Crespo et al. 2017). The Nebraska biotype was 30-fold more resistant
to 2,4-D than the susceptible biotype; resistance of that magnitude has not been previously
reported in species resistant to auxin herbicides (Crespo et al. 2017). Moderate crossresistance within the auxin herbicide mode of action was reported; this population
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exhibited decreased sensitivity to aminopyralid and picloram. Preliminary data suggests
that the mechanism of resistance in a 2,4-D-resistant waterhemp population from Missouri
is not due to differences in absorption or translocation, but differential metabolism via
cytochrome P450 activity may be involved (Shergill et al. 2017). Research efforts to
characterize the genetic basis of 2,4-D resistance in a Nebraska population concluded that
a single gene conferred resistance, while it is possible that multiple genes are responsible
for 2,4-D resistance in an Illinois population (Sabate et al. 2017). Furthermore, not all cases
of decreased sensitivity observed are reported as confirmed resistance, there are also
reports of increased tolerance in weed species to 2,4-D (Kruger et al. 2008, Spaunhorst and
Johnson 2017). Also referred to as “creeping resistance,” this slow, and nearly
immeasurable, change in herbicide sensitivity has been hypothesized to be a result of
reduced application rates or use of ineffective herbicides, but may accurately describe
resistance to auxin herbicides given their unique mode of action (Gressel 1995).
Research is ongoing to characterize the genes and corresponding mechanisms that
confer auxin herbicide resistance in any weed species. As more questions are answered,
there are often more questions to be asked. Each gene that is discovered provides evidence
to fill in another piece of the ever-convoluted auxin pathway puzzle. Some researchers
have found apparent physiological differences between R and S biotypes of varying species,
while others identified no measurable difference other than herbicide resistance (Burke et
al. 2009, Peniuk et al. 1993, Roux et al. 2004, Zheng and Hall 2001). Auxin herbicide
resistance may be similarl to the “Many Little Hammers” approach to weed management;
the effects of small, but many approaches together generate a response that is both
observable and distinct (Fisher 2012).

16
To date, 19 different weed species have been confirmed to be resistant to 2,4-D, 7
to dicamba, and none to halauxifen-methyl across the world (Heap 2018). These values are
relatively low given that the first 2,4-D-resistant weed, wild carrot (Daucus carota L.), was
documented in 1963, 20 years after 2,4-D was first used as an herbicide (Whitehead and
Switzer 1963). Weed resistance to the complex auxin pathway has not occurred at the
accelerated pace observed with other herbicides (Mithila et al. 2011). For example,
herbicides with alternative modes of action, such as the ALS- and photosystem II-inhibiting
herbicides, have 160 and 74 unique worldwide species that have evolved resistance,
respectively (Heap 2018). Limited evidence supports the hypothesis that, given the
criticalness of a functioning auxin pathway for plant development, resistance may confer a
fitness penalty that is not evolutionarily favorable for weed species survival. This is a
pivotal time in the history of auxin herbicide use as the utility of these active ingredients is
changing, and permitting more applications across and within the growing season. Because
of this, a better understanding of the auxin herbicide mode of action is indispensable as
technology progresses.

1.3

Transcriptomics Approach in Weed Science
The ‘omics era of molecular biology, together with bioinformatics, is constantly

expanding and now includes transcriptomics (gene expression), metabolomics (metabolite
profiling), proteomics (protein structure and function analysis), and more. Whole
transcriptome sequencing or RNA-Seq is a tool that analyzes gene expression levels at a
single time point, and provides a more accurate measurement of transcript abundance
compared to methods such as microarray analysis (Wang et al. 2009). This technology is
available for use in any organism and is flexible because it doesn’t require design and
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synthesis of gene-specific probes; it has been used to investigate genes involved in Varroa
mite infestation, plant defense response, and other applications (Andino et al. 2016, Wang
et al. 2009, Zhu et al. 2013). Basu et al. (2004) first proclaimed the need to engage in weed
genomics and proclaimed three useful outcomes: identify genes that may increase yield
potential in crops, aid in understanding herbicide resistance evolution, and to simply better
understand weed biology in general; these ideas have been echoed within the weed science
community (Tranel and Horvath 2009).
Initially within the weed science discipline, extensive work was conducted to study
2,4-D and dicamba response in Arabidopsis (Gleason et al. 2011, Raghavan et al. 2006).
As sequencing technology has become cheaper and more streamlined, with the increased
availability of machines and trained personnel, more advanced techniques are being
applied to non-model species. Since that time, research has been conducted that pertains to
the auxin herbicide response in weed species (Keith et al. 2011, Kraft et al. 2007). Recent
advances in technology have endowed the community with increased research capabilities
such as RNA-Seq. The first examples of utilizing RNA-Seq technology on a weedy species
include glyphosate-resistant horseweed (Peng et al. 2010) and diclofop-resistant rigid
ryegrass (Lolium rigidum) (Gaines et al. 2014). The first draft genome of an agriculturally
relevant weed, horseweed, was determines in the same year (Peng et al. 2014). New
resources are continually becoming available, such as the online Repository of Weed
Genomics (weedgenomics.com), that make data files and information more accessible to
researchers. Each year, more research is presented by scientists within the field, historically
considered an “applied agriculture” discipline, using ‘omics to broaden the knowledge base
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of weed science (Chen et al. 2017, Duhoux et al. 2015, Giacomini et al. 2017, Iquebal et
al. 2017, Xu et al. 2015b).

1.4

Summary and Justification of Research

Horseweed is a problematic weed species that is found in many crop production systems.
To date, there is no confirmed report of a horseweed biotype resistant to any synthetic
auxin herbicide, but inconsistencies in herbicide efficacy have been described. The
frequency of auxin herbicide use is anticipated to increase as new herbicide-resistant crops
are adopted in production agriculture and growers are able to use these products throughout
the growing season. This flexibility will likely permit applications to horseweed of varying
heights. Investigation of herbicide efficacy as it is influenced by weed height at the fieldlevel is the first step in characterizing the activity of common auxin herbicides such as 2,4D and dicamba relative to the new active ingredient, halauxifen-methyl. Since horseweed
is a target species for this technology, it is a particularly appropriate target for
transcriptomic and physiological experiments that explore the auxin herbicide mode of
action. The availability of the horseweed draft genome further streamlines the effort
necessary to conduct a comprehensive transcriptome analysis in this non-model weedy
plant species. Utilization of three unique active ingredients that represent different
chemical families will support conclusions that illustrate the overall mode of action of
synthetic auxin herbicides in horseweed. Research into the physiological and genetic
components of the auxin herbicide response in horseweed has the potential to streamline
future discovery of novel targets for herbicide discovery. The research in this dissertation
aims to bridge the molecular biology, plant physiology, bioinformatics, and applied
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agriculture disciplines to provide a holistic understanding of horseweed response to 2,4-D,
dicamba, and halauxifen-methyl.
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d.

Figure 1.1. Chemical structures of (a) IAA, (b) 2,4-D, (c) dicamba, and (d) halauxifen-methyl.
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TIR1/AFB

Figure 1.2. Fundamental auxin response pathway via recognition by TIR1/AFB receptors.
Auxin, both naturally-occurring IAA or synthetic auxin compounds, bind a TIR1/AFB
receptor and acts as a molecular glue to recruit Aux/IAA repressor proteins to form a
ternary complex. Degradation of Aux/IAA allows for subsequent ARF-mediated auxininduced gene expression. Adapted from Woodward and Bartel 2005
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Endogenous
levels

Figure 1.3. Proposed model of the auxin pathway depicting the cascade of complex
processes after auxin treatment, including downstream alteration of molecule
concentrations and resultant plant effects. At low auxin concentrations, the auxin-response
genes are repressed. At high auxin concentration, auxin binds the repressor protein and the
auxin-response genes are activated. Increased expression of NCED and ACS result in
increased synthesis of ABA and ethylene, respectively. The rapid increase of the two plant
hormones triggers senescence pathways and ultimately results in plant death. Adapted from
Grossmann 2010.
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EFFICACY OF HALAUXIFEN-METHYL ON
GLYPHOSATE-RESISTANT HORSEWEED (ERIGERONS
CANADENSIS)

2.1

Abstract

Halauxifen-methyl is a new synthetic auxin herbicide for control of broadleaf weeds,
including preplant applications for corn or soybean. The objective of this study was to
investigate the efficacy of halauxifen-methyl in comparison to the current auxin standards
2,4-D and dicamba on glyphosate-resistant (GR) horseweed (Erigeron canadensis L.) at
different plant heights. In field experiments, a foliar application of halauxifen-methyl at
the recommended use rate of 5 g ae ha-1 resulted in 81% control. Dicamba applied at 280
g ae ha-1 provided a comparable level of efficacy of 80% while 2,4-D at 560 g ae ha-1
resulted in 49% control. The addition of glyphosate improved GR E. canadensis control
with 2,4-D more than halauxifen-methyl or dicamba, possibly due to the higher level of
control observed with dicamba and halauxifen-methyl alone. Even though applied at 50 to
100x lower application rates, the efficacy of halauxifen-methyl on E. canadensis was
similar to dicamba and greater than 2,4-D. Thus, halauxifen-methyl should be an effective
tool for management of GR E. canadensis prior to planting both conventional and
herbicide-resistant soybean [Glycine max (L.) Merr.] varieties, without the extended
preplant application interval required for dicamba in some soybean management systems.

Keywords: 2,4-D; arylpicolinate herbicide, dicamba, synthetic auxin herbicide, weed
height.
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2.2

Introduction

Halauxifen-methyl is the first commercialized herbicide representing a new chemical class,
the arylpicolinates, within the synthetic auxin herbicide mode of action (Figure 2.1). This
foliar-applied herbicide, with a typical field use rate of 5 g ae ha-1, provides control of
several broadleaf weed species, including Sumatran fleabane [Erigeron sumatrensis (Retz.)
E. Walker] and hairy fleabane (Erigeron bonariensis L.) under a range of environmental
conditions (Anonymous 2017; Braz et al. 2017; Love et al. 2016). When tank-mixed with
fluoroxypyr or florasulam, halauxifen-methyl provides control of many problematic
broadleaf weed species including acetolactate synthase (ALS) inhibitor-resistant common
chickweed [Stellaria media (L.) Vill.] and fumitory [Fumaria officinalis L.] (Anonymous
2016a; Paterson et al. 2016). Given the low use rate and different preferred binding site
compared with other auxin herbicides, halauxifen-methyl is an alternative Group 4
herbicide that can be incorporated into many weed management programs (Bell et al. 2014;
Schmitzer et al. 2015).
Horseweed (Erigeron canadensis L.) is a broadleaf weed species that has been
described as “one of the most problematic, noxious, invasive, and widespread weeds in
modern day agriculture” (Bajwa et al. 2016). This weed, characterized as a summer and
winter annual, grows in many cropping systems, and is particularly problematic in
undisturbed environments such as no-till crop production fields (Davis et al. 2009; Weaver
2001). Since the evolution and spread of E. canadensis resistance to glyphosate and ALSinhibiting herbicides, control options for emerged plants have become limited (Heap 2017;
Kruger et al. 2009; VanGessel 2001). The auxin herbicides 2,4-D and dicamba have been
commonly used for E. canadensis control prior to planting corn or soybean, but there are
limitations to these herbicide options. Erigeron canadensis control following a preplant
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application of 2,4-D can be inconsistent among various E. canadensis populations (Kruger
et al. 2008). While dicamba can be effective E. canadensis management tool, the
precipitation-dependent preplant interval prior to soybean planting presents a major
limitation for use (Anonymous 2010).
Erigeron canadensis emergence is not easily predicted as many studies have shown
inconsistent response to soil temperature, air temperature, and rainfall (Main et al. 2006;
Shrestha et al. 2008). In addition to these environmental conditions, variable E. canadensis
emergence has also been documented as a function of previous management including fall
herbicide programs (Davis et al. 2010). The large window of emergence presents a unique
challenge for spring herbicide applications where E. canadensis plants can range from a
rosette to bolted plants over 30 cm in height.
Commonly, an increase in plant size at application correlates with an overall
reduction in final herbicide efficacy (Craigmyle et al. 2013; Everitt and Keeling 2007).
However, investigations on the influence of E. canadensis plant height on auxin herbicide
efficacy have provided conflicting results. Wiese et al. (1995) reported complete control of
30-cm tall E. canadensis with 560 g ha-1 of 2,4-D ester, while this rate resulted in less than
50% control of plants in the rosette growth stage. In other research, plant size had a
differential effect on the efficacy of dicamba and 2,4-D. There was relatively little
influence of plant height on dicamba activity, but a marked reduction of control with all
rates of 2,4-D (0.6, 1.1, and 2.2 kg ha-1) on E. canadensis 10 to 15 cm in height compared
with rosette plants (Keeling et al. 1989). Kruger et al. (2010) reported equivalent control
of E. canadensis up to 30 cm in height to foliar applications of 2,4-D ester or dicamba
when applied at 560 g ha-1 and 280 g ha-1, respectively; although dicamba resulted in a
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higher level of control on weeds taller than 30 cm compared with 2,4-D. Given the recent
commercialization of dicamba-resistant crops (e.g. soybean, cotton) and potential future
release of 2,4-D-resistant crops (e.g. corn, soybean, cotton), an increase in the use of these
auxin herbicides within preplant and in-crop applications for weed management is expected.
Furthermore, the prominence of herbicide-resistant E. canadensis biotypes will result in
this weed species being a major target of these auxin herbicide applications. This will likely
challenge these chemistries to control weeds taller than the label recommendation of plants
that are 10 cm in height or less (Anonymous 2016b). As E. canadensis resistant to
glyphosate and ALS-inhibiting herbicides becomes more widespread, it is imperative to
investigate effective herbicide programs that include synthetic auxins. This research was
conducted to compare the efficacy of a new auxin herbicide, halauxifen-methyl, to current
standards, dicamba and 2,4-D, on E. canadensis. Reports of inconsistent E. canadensis
control following 2,4-D and dicamba applications at various heights encouraged a second
objective within this study to investigate the influence of weed height on the efficacy of
halauxifen-methyl, dicamba, and 2,4-D under different environmental conditions.

2.3

Materials and Methods

Field experiments were conducted at two locations near Cortland, IN (38.98’N, 85.95’W)
and Brookston, IN (40.59’N, 86.76’W) in 2015 and 2016. Both field sites were in no-till
production with a dense population of glyphosate-resistant (GR) E. canadensis that ranged
from 64 to 86 plants m-2. Herbicide treatments included halauxifen-methyl (Arylex™
active, Dow AgroSciences LLC, 9330 Zionsville Rd., Indianapolis, IN 46268) at 2.5, 5.0,
and 10 g ae ha-1, 2,4-D (2,4-D LV4, Winfield Solutions, LLC, P.O. Box 64281, St. Paul,
MN 55164) at 280, 560, and 1120 g ae ha-1, and dicamba (Clarity®, BASF Corporation,
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26 Davis Dr., Research Triangle Park, NC 27709) at 140, 280, and 560 g ae ha-1.
Glyphosate (Roundup Powermax®, Monsanto Company, St. Louis, MO 63167) was
included at 870 g ae ha-1 in combination with either 2,4-D at 560 g ae ha-1, dicamba at 280
g ae ha-1, or halauxifen-methyl at 5 g ae ha-1 to represent an industry standard. Producers
typically tank-mix an auxin herbicide with glyphosate to ensure broad spectrum control of
grass species. Methylated seed oil (MSO Ultra®, Precision Laboratories, 1429 S. Shields
Drive, Waukegan, IL 60085) at 1% v/v and liquid ammonium sulfate (N-Pak AMS
Liquid®, Winfield Solutions, LLC, P.O. Box 64589, St. Paul, MN 55164) at 2.5% v/v were
included in all treatments since this is the label requirement for halauxifen-methyl and
permissible for the other herbicide combinations. Plots were 3 by 9 m arranged in a
randomized complete block design with four replications and a nontreated control plot was
included in each replicate.
To investigate the influence of weed height on herbicide efficacy, 12 individual E.
canadensis plants per plot, including the nontreated control plots, were marked prior to
spray application. Individually mark plants ranged from 5 to 30 cm in height. Herbicides
were applied on May 20, 2015 and June 8, 2016 at Cortland and on June 16, 2015 and June
13, 2016 at Brookston when E. canadensis growth stage ranged from newly emerged
cotyledons to bolted heights over 30 cm. A CO2-pressurized backpack sprayer with a 2-mwide handheld boom equipped with four flat fan XR8002 nozzles (Teejet Spraying
Systems, P.O. Box 7900, Wheaton, IL 60189) calibrated to deliver 140 L ha-1 at 276 kPa
was used for all herbicide applications. Visual estimates of overall E. canadensis control
were taken at 7, 14, 21, and 28 after treatment (DAT) on a scale of 0 (no injury symptoms)
to 100 (death of all plants). For the purpose of reporting, only the 14 and 28 DAT data are
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shown. Individually marked plants were also visually evaluated at 7, 14, 21, and 28 DAT.
At 28 DAT, marked plants were cut at the soil surface for shoot dry weight determination
and calculated as percent of the nontreated control of the same height. In 2016, end-ofseason inflorescent plant density was recorded using two 0.25-m2 quadrats randomly
placed per plot.
Erigeron canadensis control and inflorescent plant density data were analyzed
using the PROC GLIMMIX procedure in SAS (Version 9.4, SAS Institute Inc., Cary, NC
27513) using treatment as the fixed effect and replication and site-year as random effects.
Due to different treatment trends, control data from Cortland in 2016 were analyzed
separately from the other three site-years and replication was included as a random effect.
Brookston 2015/2016 and Cortland 2015 were combined because the site-year by treatment
interaction was not significant in the ANOVA.
Individually marked plant data from all site-years were analyzed using the PROC
NLMIXED procedure in SAS with site-year as a random effect. In this model, the control
rating at 28 DAT for each marked plant was converted to a binary variable where less than
75% corresponds to “Not Controlled” and 75 to 100% corresponds to “Controlled”. This
cut-off value was validated by visual observations where plants given a rating of 75% or
higher at 28 DAT did not produce seed. Given the slow action of auxin herbicides,
particularly on larger plants, this new covariate accurately represents the fate of each
marked plant. After data analysis and model evaluation, the most accurate and informative
model was the logistic regression model that allows for prediction of the probability of
weed control given a specific height and treatment.
𝑃(𝐶𝑜𝑛𝑡𝑟𝑜𝑙𝑙𝑒𝑑)

log (𝑃(𝑁𝑜𝑡 𝐶𝑜𝑛𝑡𝑟𝑜𝑙𝑙𝑒𝑑)) = 𝑚𝑥 + 𝑏

[1]
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In this two-parameter logit model (Equation 1), m and b are the slope and the y-intercept,
respectively, and x represents E. canadensis height in cm. The model utilizes the odds ratio
of controlling an individual plant given the height at herbicide application. A separate
model was generated for each herbicide treatment and estimates for the maximum height
at which there is a 90% probability of control for an individual plant (PR90 value) were
calculated.
Pearson correlation indicated a strong correlation between height and individual
plant biomass that was consistent across all treatments (data not shown). Therefore, these
data were not useful to analyze the influence of plant height on biomass reduction from
herbicide efficacy since the relationship was confounded by this correlation. Variability in
the relationship between plant biomass and visual control in response to auxin herbicides
was observed in this study and has been noted by previous researchers (Dowler 1969;
Roskamp et al. 2013; Devkota et al. 2016). Due to these concerns, individual plant biomass
data, while seemingly straightforward and objective, were not further analyzed or presented.
The PR90 value analysis demonstrates a novel application of the logit model and allows for
direct comparison of herbicide treatments in terms of the maximum weed height controlled
rather than an indirect comparison of rates needed for a 50% reduction in biomass. While
a GR50 value is an important parameter to consider when investigating basic herbicide
chemistry comparisons and to validate resistant versus susceptible biotypes, this approach
lacks applicability to commercial field applications compared with a PR90 value. The
logistic regression used in this analysis fills that void and could be a useful tool for weed
scientists to utilize in field-scale experiments investigating herbicide efficacy in terms of
weed height. The inflorescent plant density data represents an objective record of herbicide
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efficacy on all GR E. canadensis heights and provides a follow-up validation of the PR90
results.

2.4
2.4.1

Results and Discussion
Auxin Herbicides and Glyphosate.

The speed of symptomology development was more rapid following halauxifen-methyl
application compared with dicamba and 2,4-D. Plants treated with halauxifen-methyl
exhibited stem chlorosis, epinasty, and drooped leaves within days of application. Initial
injury observed following 2,4-D and dicamba application included bleached shoot apical
meristems and plant stunting. Halauxifen-methyl at 2.5 g ha-1 provided 58 and 74% control
at 14 and 28 DAT, respectively, at the combined field sites. This level of activity was not
observed with the low rates of 2,4-D (280 g ha-1) and dicamba (140 g ha-1) that resulted in
25 and 56% control at 28 DAT, respectively, for the combined field sites (Table 2.1). At
the field rate of 5 g ha-1, halauxifen-methyl resulted in 80% control at 28 DAT at the
combined field sites while comparable field use rates of 2,4-D and dicamba resulted in 49
and 79% control, respectively (Table 2.1).
Halauxifen-methyl and dicamba comparably controlled GR E. canadensis at the
medium and high rates; the significant contrast at the combined field sites likely represents
the higher level of control of halauxifen-methyl at 2.5 g ha-1 compared to the lowest
dicamba rate of 280 g ha-1 (Table 2.1). In general, halauxifen-methyl and dicamba were
more efficacious than 2,4-D, with 79% or higher control achieved at 28 DAT at the
combined field sites for the middle and high herbicide rates. Halauxifen-methyl at 10 g ha1

and dicamba at 560 g ha-1 resulted in 90 and 89% control, respectively, at 28 DAT and

provided the greatest reduction of end-of-season inflorescent plant density. Only 72%
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control was observed following the application of 2,4-D at 1120 g ha-1. Halauxifen-methyl
at 10 g ha-1 resulted in 90% GR E. canadensis control at the combined sites (Table 1).
Inflorescent plant density counts were markedly decreased by the high rate of halauxifenmethyl compared with the nontreated control, from 60 to 11 m-2. Furthermore, each
respective rate of halauxifen-methyl was approximately 50 to 100X less herbicide active
per hectare than dicamba and 2,4-D, respectively, and still resulted in a comparable or
higher level of control. All herbicide treatments reduced the end-of-season inflorescent
plant density relative to the nontreated control, except the low and middle rate of 2,4-D
(Table 2.1). Overall, a higher level of GR E. canadensis control and separation of
treatments were observed at the combined field sites compared with Cortland in 2016. This
degree of variability of E. canadensis control with auxin herbicides has been reported in
previous research (Byker et al. 2013; Kruger et al. 2010). While air temperature and soil
moisture between the sites couldn’t provide direct evidence supporting the lack of
herbicide efficacy for dicamba and halauxifen-methyl at Cortland in 2016, it is likely that
a combination of environmental factors contributed to this irregularity in response.
Combinations of glyphosate with 2,4-D and dicamba are commonly used for
commercial weed management for control of a broad range of weed species and as a
practice for mitigating weed resistance to herbicides (Leon et al. 2016; Norsworthy et al.
2012; Robinson et al. 2012). The addition of glyphosate to halauxifen-methyl, dicamba,
and 2,4-D was included to investigate the value of the common tank mixture when the
target weed population contains GR biotypes. There was no significant effect of adding
glyphosate to halauxifen-methyl for control of GR E. canadensis (Table 2.1). The addition
of glyphosate improved GR E. canadensis control with all auxin herbicides at the combined

43
field sites, represented by a significant contrast when testing an auxin alone compared with
an auxin tank-mixed with glyphosate, but this observation was not consistent at Cortland
in 2016 or with inflorescent plant density measures (Table 2.1). Adding glyphosate to 2,4D and dicamba increased control at the combined field sites by 28 and 6% at 28 DAT,
respectively (Table 2.1). This result is consistent with previous research that observed an
increase in efficacy with tank combinations of 2,4-D or dicamba with glyphosate compared
with the auxin alone to control GR weed species (Byker et al. 2013; Spaunhorst and
Bradley, 2013). While an increase in efficacy was observed between dicamba tank-mixed
with glyphosate compared with dicamba alone, there was no difference for the end-ofseason inflorescent plant density count (Table 2.1). This is likely due to the high level of
efficacy observed with dicamba alone that did not permit a further increase in control from
the addition of glyphosate. Previous reports have shown slight variability in GR E.
canadensis response to dicamba and reported no benefit of tank-mixing glyphosate with
dicamba (Flessner et al. 2015).
2.4.2

E. canadensis Height

Within each plot, individually marked plants allowed for observations on the influence of
weed height on herbicide efficacy. The logistic regression analysis further validates the
overall plot data by providing insight into the efficacy of herbicide treatments at different
weed heights. Calculated PR90 values (90% probability of control) for halauxifen-methyl
at 5 and 10 g ha-1 on GR E. canadensis were 19 and 16 cm, respectively (Table 2.1). The
relatively gradual slope of the high rate indicates a high probability of weed control at
heights up to 30 cm (Figure 2.2). Dicamba at 280 g ha-1 resulted in efficacy similar to
halauxifen-methyl with a PR90 of 17 cm (Table 2.2). The calculated PR90 for dicamba at
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560 g ha-1 was 34 cm; however, this is misleading since the maximum height included in
the analysis was 30 cm and extrapolation beyond that value can be uncertain. A significant
influence of rate was observed with 2,4-D as the higher rate (1120 g ha-1) controlled E.
canadensis up to 23 cm in height, a considerable increase compared with the medium rate
of 560 g ha-1 that only controlled E. canadensis up to 4 cm (Table 2.2). There was no effect
on the maximum GR E. canadensis height controlled when glyphosate was tank-mixed
with halauxifen-methyl compared with the auxin alone (Figure 2.2). A similar trend was
evident with dicamba as comparison of the PR90 values indicates no difference in the
maximum height controlled between the 280 g ha-1 applied alone or in combination with
glyphosate. The addition of glyphosate to 2,4-D increased control of E. canadensis at all
plant heights compared with the auxin herbicide alone, indicated by a more gradual slope
in Figure 2c compared with Figure 2a. When 2,4-D was applied in combination with
glyphosate, E. canadensis up to 17 cm tall were controlled. E. canadensis control decreased
as height increased for all herbicide treatments as indicated by the negative and nonzero
slope parameter (Table 2.2). The PR90 values were not determined for the lowest rate for
each herbicide because the moderate level of efficacy observed for those treatments did not
contribute to a meaningful analysis. This observation in plant height data is consistent with
the data for overall plot control observations.
This research demonstrates that halauxifen-methyl has the potential to manage GR
E. canadensis in a manner that is equivalent or better than current auxin herbicide standards.
The efficacy of halauxifen-methyl at 5 g ha-1 was similar to dicamba at 280 g ha-1, including
the application of each active ingredient alone and in combination with glyphosate.
Additionally, halauxifen-methyl applications only require a 14 day interval prior to
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planting any soybean genetics which is shorter than required for dicamba applied prior to
any soybean not containing the dicamba resistant trait (Anonymous 2010; Anonymous
2017). The low use rate of halauxifen-methyl compared with 2,4-D and dicamba is of
interest as applicators consider direct injection systems and other alternatives to expedite
herbicide applications and promote more complete and timely sprayer cleanout between
herbicide applications. If the use of 2,4-D and dicamba increase as expected, it is likely
there will be increased incidence of resistance to these herbicides as well. Since the
complete mode of action for synthetic auxin herbicides has not yet been fully characterized,
we can only speculate that a weed that evolves resistance to dicamba due to increased
selection pressure will likely exhibit at least some level of altered response to 2,4-D as well.
Since halauxifen-methyl is a new auxin herbicide with a different binding site than dicamba
and 2,4-D, target site resistance to dicamba and 2,4-D may be overcome with halauxifenmethyl. Inconsistent weed control has been shown as a weakness of the examined auxin
herbicides, particularly for preplant application efficacy on weeds like E. canadensis. Our
research further supports this finding, particularly for halauxifen-methyl and dicamba at
Cortland in 2016. Our analysis of the data and environmental variables were not able to
identify the cause for the reduced efficacy. Future work including the comparison of these
herbicides under controlled greenhouse conditions and an investigation of the synthetic
auxin mechanism of action is necessary to characterize differences and similarities of these
herbicide compounds. Research in these areas could provide further insight on the
variability of plant response to these herbicides under different environmental conditions
or the uniqueness of these auxin herbicide groups as part of Best Management Practices
for herbicide-resistant weeds.
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Table 2.1. Glyphosate-resistant Erigeron canadensis control ratings 14 and 28 days after treatment (DAT) and end-of-season
inflorescent plant density in a field study conducted in Brookston and Cortland, IN

Herbicide
Nontreated
Halauxifen-methyl
Halauxifen-methyl
Halauxifen-methyl
2,4-D
2,4-D
2,4-D
Dicamba
Dicamba
Dicamba

Rate
g ae ha-1
2.5
5
10
280
560
1120
140
280
560

Halauxifen-methyl + glyphosate 5 + 870
2,4-D + glyphosate
560 + 870
Dicamba + glyphosate
280 + 870

Control
Combined field
Cortland
Combined field
Cortland
a
sites
2016
sites
2016
14 DAT
28 DAT
-------------------------------------- % --------------------------------------58
63
67
23
38
56
36
53
60

bcd
ab
a
f
e
cd
e
d
abc

64 ab
60 abc
65 a

35
40
38
18
29
31
35
38
41

abc
a
ab
d
c
bc
abc
ab
a

40 a
31 bc
36 ab

74
80
90
25
49
72
56
79
89

ef
cd
a
i
h
f
g
cde
ab

83 bcd
77 def
85 abc

56
65
56
31
61
66
48
59
68

ab
ab
ab
c
ab
ab
bc
ab
a

60 ab
58 ab
59 ab

Inflorescent plant
densityb
---------- m-2 --------68 a
29 cd
17 def
11 ef
53 ab
40 bc
24 de
19 def
8f
5f
29 cd
29 cd
11 ef

Contrastsc
Halauxifen-methyl vs. 2,4-D
**
**
**
NS
**
Halauxifen-methyl vs. Dicamba
**
NS
*
NS
*
2,4-D vs. Dicamba
**
**
**
NS
**
Auxin Alone vs. Auxin + Gly
**
NS
**
NS
NS
a
Combined field sites includes Brookston (2015 and 2016) and Cortland 2015. This data excludes Cortland 2016 as dictated by a
significant treatment interaction in the ANOVA. Means within a column followed by the same letter are not significantly different at
α=0.05.
b
Data only collected in 2016.
c
Significance is designated as ** = P < 0.001, * = P < 0.05, NS denotes P ≥ 0.05.
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Table 2.2. Logistic regression parameter estimates to predict the probability of control for two Indiana
glyphosate-resistant Erigerson canadensis populations in 2015 and 2016 in response to three
synthetic auxin herbicides. Data were combined over locations and years.
Herbicide
Halauxifen-methyl
Halauxifen-methyl
Halauxifen-methyl
2,4-D
2,4-D
2,4-D
Dicamba
Dicamba
Dicamba
Halauxifen-methyl + glyphosate
2,4-D + glyphosate
Dicamba + glyphosate
a
Logistic regression parameters
intercept.
b
nd denotes not determined.

Rate
g ae ha-1
2.5
5
10
280
560
1120
140
280
560

Regression parametersa
m
b
-0.33
-0.41
-0.37
-0.35
-0.43
-0.44
-0.40
-0.37
-0.40

(0.02)
(0.03)
(0.03)
(0.02)
(0.03)
(0.04)
(0.06)
(0.03)
(0.03)

1.0
4.2
3.3
-1.0
2.7
5.4
1.9
3.4
5.7

(0.7)
(0.7)
(0.9)
(0.7)
(0.8)
(1.1)
(1.4)
(0.9)
(0.8)

PR90 (SE)
cm
ndb
19 (5)
16 (8)
nd
4 (5)
23 (4)
nd
17 (8)
34 (9)

5 + 870
-0.35 (0.02)
5.1 (0.7)
560 + 870
-0.47 (0.03)
5.1 (0.8)
280 + 870
-0.38 (0.03)
3.6 (0.9)
in the table correspond to Equation 1. Parameters:

17 (3)
17 (3)
17 (7)
m, slope; b,
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Figure 2.1. Molecular structure of halauxifen-methyl.
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Figure 2.2. The influence of glyphosate-resistant Erigeron canadensis height on the
probability of Erigeron canadensis control. Plots displayed represent the (a) medium rate,
(b) high rate, and (c) auxin plus glyphosate tank mixture. The solid horizontal line indicates
the 90% probability of Erigeron canadensis control. The plant height at which a treatment
line crosses this reference line approximates the PR90 values shown in Table 2.2.
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1.2

Probability of control

(a)
1.0
1.0

0.8
0.8

0.6
0.6
5 g ae ha -1 halauxifen-methyl
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0.4
0.4

1.2
0.2

Probability of control

(b)
1.0
1.0

0.8
0.8

0.6
0.6
10 g ae ha -1 halauxifen-methyl
1120 g ae ha -1 2,4-D
560 g ae ha -1 dicamba

0.4
0.4

1.2
0.2

Probability of control

(c)
1.0
1.0

0.8
0.8

0.6
0.6
5 g ae ha -1 halauxifen-methyl + glyphosate
560 g ae ha -1 2,4-D + glyphosate
280 g ae ha -1 dicamba + glyphosate
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0.4

0.2
0

5
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15
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DIFFERENTIAL RESPONSE OF HORSEWEED
(ERIGERON CANADENSIS) TO HALAUXIFEN-METHYL, 2,4-D,
AND DICAMBA

3.1

Abstract

Halauxifen-methyl is a new auxin herbicide for broadleaf weed control, including
horseweed, in preplant applications to corn and soybean, which is similar to the use of 2,4D and dicamba. The objective of this research was to further characterize the phytotoxicity
of halauxifen-methyl on horseweed, relative to 2,4-D and dicamba, in terms of weed height,
the response to an auxin synergist, and root activity to discern similarities and differences
in plant activity across these auxin herbicides. In a whole-plant bioassay, 240 g ae ha-1 of
2,4-D was calculated as the GR50 (50% visual control) on horseweed 20 cm in height, while
only 53 and 0.40 g ae ha-1 were necessary for dicamba and halauxifen-methyl, respectively,
to achieve the same response. The GR50 values for each herbicide were less for rosettesized plants compared with the 10- and 20-cm target height. The GR50 value for halauxifenmethyl on rosette-sized plants was 0.05 g ae ha-1, 100 times less than the labeled use rate
of 5 g ae ha-1, compared with 36 and 31 g ha-1 for 2,4-D and dicamba, respectively. The
addition of diflufenzopyr, an auxin synergist, to 2,4-D and dicamba resulted in a synergistic
response on horseweed. When added to halauxifen-methyl, diflufenzopyr had an additive
effect or antagonized efficacy depending on rate of diflufenzopyr. In the agar-based
bioassays, the GR50 value for root length was similar for 2,4-D and dicamba with values of
0.16 and 0.19 µM, while a much lower rate of 0.004 µM was required for a comparable
response for the halauxifen-methyl treatment. These results indicate that horseweed
exhibits a high level of sensitivity to halauxifen-methyl and suggests that the activity of
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halauxifen-methyl is different compared with 2,4-D and dicamba. These differences in
herbicide activity may reflect differential absorption, translocation, or metabolism of the
herbicides or differential targeting of the specific homolog receptors in the TIR1/AFB
group.
Keywords: Agar-based bioassay, Conyza canadensis, dose response, GR50 analysis, wholeplant bioassay.

3.2

Introduction

Horseweed is a problematic broadleaf weed species that is found in many cropping systems,
particularly in no-till soybean production fields (Davis et al. 2008, Gibson et al. 2006).
Horseweed was ranked as the third most troublesome weed in broadleaf crops in a 2016
WSSA survey and tied with waterhemp (Amaranthus tuberculatus (Moq.) J. D. Sauer) as
the most troublesome weed in soybean fields (Van Wychen 2017). Within the United States,
horseweed has evolved resistance to 14 unique herbicide chemistries within five herbicide
modes of action, but there is no documented resistance to the Group 4 or synthetic auxin
herbicides (Heap 2017). The flexibility of in-season applications of 2,4-D and dicamba in
herbicide-resistant crop varieties, in addition to conventional preplant applications of the
synthetic auxins, will further impose selection pressure of these herbicide active
ingredients on horseweed.
Reduced auxin herbicide efficacy in the field has been reported as a function of
growth stage and increased weed height in many crop and weed species. Up to 77% visual
injury on cotton was documented following an application of 2,4-D (40 g ae ha-1) on
prebloom growth stages compared to an average of 32% injury from applications made to
first bloom cotton (Byrd et al. 2016). Craigmyle et al. (2013) reported 28 and 22% less
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control of 30-cm waterhemp compared to 15-cm tall plants following foliar applications of
2,4-D at 0.84 and 1.12 kg ha-1, respectively. Research that specifically examines the
influence of horseweed weed height or developmental stage on auxin herbicide efficacy
remains inconclusive due to conflicting evidence. A foliar application of 560 g ha-1 of 2,4D ester resulted in 100% control of 30-cm vigorously growing horseweed, but less than
50% control was reported on “moisture-stressed” rosette-sized plants at the same rate
(Wiese et al. 1995). This study included multiple application timings throughout the
growing season and, therefore, environmental factors such as temperature and rainfall may
have confounded the results. There was no influence of weed height on 2,4-D or dicamba
efficacy when applied at 560 and 280 g ae ha-1, respectively, to horseweed ranging from 0
to 30 cm in height with all visual ratings recorded as 90% or greater at 28 days after
treatment (Kruger et al. 2010). Variability in the influence of horseweed height on
herbicide efficacy is not exclusive to auxin herbicide applications. Mellendorf et al. (2013)
reported a differential influence of horseweed height on saflufenacil activity in which one
year of observations indicated decreased herbicide efficacy as horseweed height increased
while there was no influence of height on saflufenacil (25 g ai ha-1) efficacy the following
year at the same location. Mayo et al. (1995) also reported an influence of plant height of
the efficacy of multiple postemergence herbicides on Amaranthus species.
The limited amount of comparative data available on herbicide efficacy with
respect to horseweed height, under controlled environmental conditions, have focused on
glyphosate. Multiple researchers have confirmed that horseweed height at the time of
herbicide application influences the level of glyphosate sensitivity, with less control of
bolted plants compared to rosette-sized plants at comparable application rates for both
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glyphosate-resistant and -susceptible horseweed biotypes (Shrestha et al. 2007, VanGessel
et al. 2009).
In addition to characterizing auxin herbicides based on efficacy, research supports
that translocation can vary by active ingredient (Bukun et al. 2009), target weed species
(Bell et al. 2011), and herbicide application time of day (Johnston et al. 2018), and can
further differentiate auxin chemistry. Specifically, the exclusive use of diflufenzopyr, a
semicarbazone auxin transport inhibitor, with dicamba (Anonymous 2017a) brings into
question the influence of the WSSA Group 19 herbicide on horseweed control when tankmixed with other auxins such as 2,4-D and halauxifen-methyl. Research suggests that the
action of diflufenzopyr to inhibit auxin translocation redirects and concentrates auxin at
the “growing points” (Bowe et al. 1999, Grossmann et al. 2002), but the precise mechanism
of diflufenzopyr activity is not clear. Diflufenzopyr efficacy, when applied alone, has
ranged from little to no herbicidal activity on broadleaf plants (Lym and Deibert 2005) to
significant plant suppression following foliar application of rates ranging from 28 to 112 g
ae ha-1 (Bowe et al. 1999, Matocha et al. 2013). Field studies have described conflicting
reports of efficacy when diflufenzopyr is tank-mixed with different synthetic auxin
herbicides. The addition of diflufenzopyr to aminopyralid or picloram had no influence on
Russian knapweed (Rhaponticum repens (L.) Hidalgo) control compared to the auxin
herbicide alone (Enloe and Kniss 2009). Similarly, there was no difference in leafy spurge
(Euphorbia esula L.) or Canada thistle (Cirsium arvense (L.) Scop.) regrowth following
foliar applications of 2,4-D alone or 2,4-D tank-mixed with diflufenzopyr (Lym and
Deibert 2005). Interestingly in the same study, there was increased efficacy of dicamba
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plus diflufenzopyr on leafy spurge compared to the auxin alone, but no influence of
diflufenzopyr on dicamba activity on Canada thistle was observed (Lym and Deibert 2005).
While whole-plant dose response assays continue to be the trusted classical
approach, greenhouse availability and the time requirement for results are major limiting
factors that affect the feasibility of conducting these experiments. In addition to wholeplant dose response assays, rapid molecular assays are an important tool for confirming
herbicide resistance in weed species, notably when the mechanism of resistance is welldocumented. These assays fall short when the specific mechanism of resistance is unknown,
and can yield false positive results. As reviewed by Burgos et al. (2013), agar-based
seedling assays provide a rapid assessment for analyzing herbicide resistance profiles in
which seedlings are grown in agar supplemented with a herbicide dose. A resistance inseason quick (RISQ) test adapted the use of agar-based assays to confirm resistance to
acetyl coenzyme-A carboxylase (ACCase)- and acetolactate synthase (ALS)-inhibiting
herbicides in six different grass species using a discriminating dose with seedling
survivorship as the response (Kaundun et al. 2011). This test has been further validated to
include additional weed species such as horseweed, common waterhemp, and annual
bluegrass (Poa annua L.), and to include dose-response treatment structures for glyphosate
and trifloxysulfuron (Brosnan et al. 2017, Kaundun et al. 2014). The agar-based assay is
not always an appropriate diagnostic test. Comparison of a whole-plant and agar-based
assay to simazine yielded different results in confirming herbicide resistance in annual
bluegrass; methods refinement for specific herbicide chemistries and species of interest are
required for valid methodology and interpretation of the results (Brosnan et al. 2017).
Research that includes synthetic auxin herbicide sensitivity using the agar-based approach

61
has been limited to model plant species, not field-collected weed species (Walsh et al.
2006).
As the use of synthetic auxins throughout the growing season is expected to
increase, it is imperative to understand the sensitivity of horseweed to different synthetic
auxin herbicides, particularly when applied to a range of developmental stages or bolted
heights. This research provides a benchmark of two Indiana horseweed populations to 2,4D, dicamba, and halauxifen-methyl. To our knowledge, this research is the first to
investigate auxin herbicide activity on bolted horseweed under controlled environmental
conditions and to expand the agar-based bioassay for use as a simplified dose-response
experiment with synthetic auxin herbicides. The overall objective of this research was to
characterize the response of horseweed to halauxifen-methyl using multiple greenhouse
and laboratory-based experiments. Investigations also included 2,4-D and dicamba for
comparison. First, this research examined the influence of horseweed developmental stage
and height on the response to 2,4-D, dicamba, and halauxifen-methyl under controlled
environmental conditions. An additional greenhouse experiment determined the herbicide
interaction between each auxin herbicide and diflufenzopyr when applied at varying rates.
The final objective was to develop an agar-based root inhibition assay for use as a
simplified dose-response to investigate auxin herbicide response in horseweed and provide
an additional metric of comparison.

3.3
3.3.1

Materials and Methods
Population Collection

Horseweed seed was collected from two locations near Cortland, IN (38.98ºN, 85.95ºW)
and Brookston, IN (40.59ºN, 86.76ºW). At each site, two seed collection methods were
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used and permitted the simultaneous investigation of horseweed response to auxin
herbicides are different growth stages and heights. Seed collected from mature seed heads
at the end of the growing season permanently maintained a rosette growth stage following
emergence when sowed in the greenhouse. Seed acquired via soil collection bypassed the
rosette growth stage upon emergence in the greenhouse, and immediately bolted following
emergence. Mature seed and soil was stored at 4 C until planting.
3.3.2

Auxin Dose-Response

Horseweed seed was sown in, and field soil containing seed from both locations was spread
onto, commercial potting media (Sun Gro Propagation Mix, Sun Gro Horticulture,
Bellevue, WA) in 25- by 50-cm plastic flats. Each target height: 5 to 8 cm rosette and two
bolted heights (10 and 20 cm) were sprayed at the same time. The greenhouse temperature
was maintained at 23 to 29 C; supplemental light (1,100 µmol m-2 s-1 photon flux density)
was provided with high pressure sodium bulbs set to a 16-h photoperiod. Once seedlings
reached the three to five leaf stage, individual plants for the rosette and bolted target heights
were transplanted into 100- and 177-cm2 pots, respectively, containing the same
commercial potting media. Plants were watered as needed, fertilized weekly (Jack’s
Professional 20-20-20, JR Peters Inc, Allentown, PA, and treated with larvicide (Gnatrol®,
Valent U.S.A. Corporation, Walnut Creek, California). Treatments included halauxifenmethyl (Arylex™ active, Dow AgroSciences LLC, Indianapolis, IN), 2,4-D dimethylamine
salt (Weedar® 64, Nufarm Inc., Alsip, IL), and dicamba diglycolamine salt (Clarity®,
BASF Corporation, Research Triangle Park, NC) at six herbicide application rates that
varied by active ingredient and target height to achieve a complete response range. A
nonionic surfactant (Activator-90, Loveland Products, Inc., Greeley, CO) was added at
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0.25% v/v to all treatments. Herbicide applications were made using a single-nozzle trackmounted sprayer with a single flat fan XR 8002E nozzle calibrated to deliver 140 L ha-1.
Visual ratings were recorded weekly following herbicide application. At 21 days after
treatment (DAT), aboveground biomass was harvested and dried at 45 C until constant
weight for dry weight determination. The experiment consisted of four replications and
was conducted in two runs. Data from each horseweed field collection were pooled due to
a non-significant interaction with herbicide treatment in the ANOVA. Visual control data
were analyzed using a three-parameter log-logistic model (Equation 1), and aboveground
dry biomass data were analyzed using a four-parameter log-logistic model (Equation 2)
using R software (R Foundation for Statistical Computing, Vienna, Austria) and the DRC
package (Knezevic et al. 2007).
𝑓(𝑥) =
𝑓(𝑥) = 𝑐 +

3.3.3

𝑑
1+exp(𝑏(log(𝑥)−log(𝑒)))
𝑑−𝑐
1+exp(𝑏(log(𝑥)−log(𝑒)))

[1]
[2]

Diflufenzopyr Tank Mixture
Seed collected from Brookston, IN was grown, and herbicide treatments were

applied to 6 to 10 cm horseweed rosettes as previously described. Treatments included
halauxifen-methyl, 2,4-D, and dicamba alone, and each synthetic auxin in a tank mixture
with diflufenzopyr (Diflufenzopyr sodium salt, LGC Standards, Manchester, NH) at a fixed
ratio of 1:2.5 of diflufenzopyr and auxin herbicide. This ratio represents the relative amount
of diflufenzopyr and dicamba in commercialized herbicide products and was chosen to
provide a standard for synthetic auxin active ingredient comparison (Anonymous 2015,
2017a). The rates chosen for each auxin herbicide represent approximate GR10, GR25, GR50,
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and GR75 values, which were selected to provide a range of responses and to investigate
rate-dependent interactions. Additional rates of diflufenzopyr up to 400 g ae ha-1 were
included to observe the efficacy of the herbicide alone. At 21 days after treatment (DAT),
shoot biomass was harvested and dried at 45 C until constant weight for dry weight
determination. The experiment consisted of four replications and was conducted in two
runs. Data from each run were pooled due to a non-significant run by treatment interaction
in the ANOVA. Visual rating and aboveground biomass reduction, as a percentage of the
nontreated control, were analyzed using the GLM procedure in SAS (Version 9.4, SAS
Institute Inc., Cary, NC 27513). Herbicide treatment was considered as a fixed effect and
run as a random effect. Data were further analyzed using the MIXED procedure in SAS
and the interaction model described by Colby (1967) (Equation 3).
𝑋𝑌

𝐸 = 100

[3]

In this model, X and Y represent the response to individual herbicides at specific rates
compared to the nontreated control and E represents the expected response value of the
herbicide mixture. The adaption proposed by Flint et al. (1988), in which a statistical test
is applied to compare the slopes of log-transformed response variables, was used to
determine herbicide interactions.
3.3.4

Agar-Based Root Inhibition Assays

Polystyrene microplates (6-well, 35-mm diameter) were prepared containing 1X
Murashige and Skoog basal Medium with Vitamins (PhytoTechnology Laboratories,
Shawnee Mission, KS) and supplemented with 0.4% v/v agar (Sigma-Aldrich, St. Louis,
MO), 0.8% sucrose (Fischer Scientific, Asheville, NC), and herbicide treatment. Based on
preliminary experiments using different seed sterilization methods, a combination of seed
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surface bleach sterilization with a broad-spectrum fungicide in the media was found to be
necessary to control fungal contamination during culture in the microplates. Thus,
chlorothalonil (Echo® 720, Sipcam Agro USA, Inc., Durham, NC) was included at 500
ppm in the medium to control bleach-resistant endophytic pathogens from the fieldcollected seed. Technical grade herbicides were dissolved in 50% v/v dimethyl sulfoxide
and diluted so that 100 µL of stock solution could be added to 9 mL of media in each well.
For each herbicide, nine concentrations ranging from 0.0001 to 1 µM were included. A
comparable amount of dimethyl sulfoxide was added to the nontreated control agar.
Horseweed seeds collected from Cortland and Brookston, IN were surface-sterilized in 30%
v/v commercial bleach with 0.005% v/v nonionic detergent (Tween 20, Bio-Rad
Laboratories, Hercules, CA), and rinsed four times with sterile water. Seeded plates were
incubated at 25 C under continuous fluorescent lighting (30 to 50 µE m-2 s-1). Individual
seedlings were removed from the agar with forceps for root measurement after 14 d of
growth. The experiment included six seedlings per treatment and was conducted twice.
Data from each location were pooled due to a non-significant location by treatment
interaction in the ANOVA. Data were analyzed using the three-parameter log-logistic
model (Equation 1) using R software (R Foundation for Statistical Computing, Vienna,
Austria) and the DRC package (Knezevic et al. 2007).

3.4
3.4.1

Results and Discussion
Auxin Dose-Response

The developmental stage of horseweed plants influenced the efficacy of 2,4-D, dicamba,
and halauxifen-methyl. The GR50 values calculated based on visual rating and dry weight
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for halauxifen-methyl on rosette-sized horseweed were 0.05 and 0.02 g ha-1, respectively
(Table 3.1). There was no difference in the GR50 value, for both visual rating and dry
weight reduction, for halauxifen-methyl on the 10- or 20-cm bolted target height. For
horseweed up to 20-cm in height, only 0.4 g ha-1 of halauxifen-methyl was required for a
50% reduction in visual rating, over 10 times less than the labeled use rate of 5 g ha-1
(Anonymous 2017b). Interestingly, the application rate of halauxifen-methyl required for
a 50% reduction in biomass was only 0.06 g ha-1 for the 10- and 20-cm bolted heights. This
“flat dose response,” the induction of herbicide symptomology, particularly at low rates
across bolted plants of different heights, is indicative of a high level of herbicide efficacy
(Monaco et al. 2002).
The GR50 value for visual control with 2,4-D on rosette-sized horseweed was 36 g
ha-1 (Table 3.1). The GR50 value for dicamba on rosettes was 31 g ha-1, less than the value
for 2,4-D. In comparison to halauxifen-methyl, in which the GR50 for rosettes was 100
times less than the labeled field use rate, the rates needed for the same response following
2,4-D and dicamba application were approximately 16 to 32 and 9 to 18 times less than the
labeled use rate, respectively (Anonymous 2010, 2018). Similar to the action of halauxifenmethyl, there was no difference in the application rate required for a 50% reduction in
visual rating for horseweed treated with dicamba. Conversely, there was an influence of
height on horseweed response to 2,4-D with a higher rate of 240 g ha-1, compared to 68 g
ha-1, required to observe a 50% visual rating of 20-cm horseweed and 10-cm height,
respectively (Table 3.1). This observation provides evidence that dicamba and halauxifenmethyl exhibit a higher level of activity on horseweed up to 20 cm in height compared to
2,4-D. These data support the conclusion that given the low use rate, halauxifen-methyl is
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more active on horseweed compared to 2,4-D and dicamba. This study compares these
auxin active ingredients under consistent environmental conditions and nutrient
availability, and removes the variability inherent to field research with regard to horseweed
emergence or plant vigor throughout the growing season. The GR50 values of dry plant
biomass and dry plant biomass converted to a percentage of the nontreated control were
calculated, but did not contribute to a meaningful interpretation in the dose response
analysis (Table 3.1). Inconsistent correlation between dry plant biomass and visual rating
in response to auxin herbicides was observed in this study and has been noted by previous
researchers (Devkota et al. 2016, Dowler 1969, Roskamp et al. 2013). While an objective
measurement of response is preferred for investigating herbicide response in weeds,
analyzing dry weight following sublethal applications of auxin herbicides is often not
representative of phenotypic plant response.
3.4.2

Diflufenzopyr Tank Mixture

When added at a ratio of 1:2.5 (diflufenzopyr:halauxifen-methyl), diflufenzopyr had a nonsignificant or additive effect on the efficacy of halauxifen-methyl at all rates (Table 3.2).
Given the low rate of halauxifen-methyl needed for the range of phenotypic response, the
diflufenzopyr rate included in the tank mixtures at the 1:2.5 ratio was also markedly less
than the amount included with the 2,4-D and dicamba treatments. When diflufenzopyr was
added at 12 g ha-1, the same rate added to 30 g ha-1 of 2,4-D and dicamba, diflufenzopyr
antagonized the efficacy of halauxifen-methyl at 0.05 g ha-1. This observation should not
be characterized as “false antagonism” described by Hugie et al. (2008) as the herbicides
applied alone or in tank mixture did not result in plant death.
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The addition of diflufenzopyr to all rates of 2,4-D and dicamba resulted in a uniform
response interaction (Table 3.2). At the low rate of 5 g ha-1 for both 2,4-D and dicamba, the
tank-mixture with diflufenzopyr resulted in synergy for visual injury and dry weight
reduction compared to each compound alone (Table 3.2). There was an additive response
when 4 g ha-1 of diflufenzopyr was tank-mixed with 10 g ha-1 of dicamba for both response
variables; the same result was observed with 2,4-D for the dry weight reduction response.
At the higher auxin rates, diflufenzopyr antagonized herbicide efficacy for 2,4-D and
dicamba. This result is best described as “false antagonism” due to the high level of efficacy
of 30 and 100 g ha-1 of 2,4-D and dicamba alone. These results indicate that diflufenzopyr
activity is not only complementary to dicamba activity, as some have suggested, but the
addition of diflufenzopyr can result in herbicide synergy when tank-mixed with 2,4-D as
well. The data do not support any potential use of diflufenzopyr with halauxifen-methyl on
horseweed since synergy was not observed and a significant improvement in horseweed
control would not be expected. The combination of a low use rate and the proposed unique
site of action of halauxifen-methyl, and the differential response of herbicide efficacy when
tank-mixed with diflufenzopyr, further differentiates the new arylpicolinate chemistry from
the 2,4-D and dicamba auxin standards. Additional rates up to 400 g ha-1 of diflufenzopyr
alone were applied to rosette horseweed to conduct a complete dose response and
investigate the efficacy of the auxin synergist, but there was no difference in efficacy of
rates ranging from 12 to 400 g ha-1 (Table 3.2). The GR50 estimates for the visual rating at
21 DAT and dry weight data were 3.2 and 2.0 g ha-1, respectively (data not shown). Thus,
this research supports the use of diflufenzopyr only in mixtures with auxin herbicides such
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as 2,4-D and dicamba as a synergist on horseweed since complete plant death was not
achieved with diflufenzopyr alone, even at high application rates.
3.4.3

Agar-Based Root Inhibition Assays

An increase in herbicide concentration corresponded to a decrease in root length after 14 d
of growth for each herbicide active ingredient. Compared to the average root length of 15
mm for the nontreated control, the highest rate of halauxifen-methyl (1 µM) completely
inhibited root growth while an average root length of only 1 and 2 mm was observed for
the 2,4-D and dicamba treatments, respectively (data not shown). The GR90 values for root
length were 0.06, 0.65, and 1.90 µM for halauxifen-methyl, dicamba, and 2,4-D,
respectively (Table 3.3). While there was a decrease in the magnitude of difference among
treatments, this is the same relative ranking of GR50 values calculated for the whole-plant
dose response experiment. There was no difference in the estimated herbicide dose required
to reduce root length as a percentage of the nontreated control. In general, results from the
agar-based seedling assay support the observations of the whole-plant dose-response
experiment that higher rates of 2,4-D and dicamba are required for a comparable horseweed
response compared with halauxifen-methyl. This conclusion is analogous to previous
research by Brosnan et al. (2017) that determined that agar-based assays could detect
resistance to glyphosate and ALS-inhibiting herbicides in annual bluegrass without the
requiring whole-plant assays. These methods could be further adapted to other herbicide
modes of action and weed species to provide a rapid assay to compare a putative resistant
biotype to a known susceptible biotypes or to investigate relative response within a
herbicide chemistry.
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This study demonstrates the application of the agar-based bioassay to investigate
differences in herbicide response as a function of herbicide chemical family within a single
mode of action. Calculated GR50 and GR90 values for the agar-based root inhibition assay,
while on a different scale, provide for an analogous comparison among the three different
auxin herbicides as calculated from a whole-plant greenhouse dose-response assay. The
agar-based root inhibition assay generated auxin herbicide response data within 14 days
compared with over 50 days for greenhouse dose-response experiment. In addition to the
shorter time needed to produce results, the agar-based root inhibition assays require less
space and personnel time, but require access to an autoclave and a laboratory with a laminar
flow hood. Moreover, these methods may simplify research activity where a large number
of plant populations and herbicide chemistries need to be investigate, without a comparable
increase in space and labor costs.
The sterile environment required for agar-based assays necessitates thorough seed
decontamination and presents a challenge for utilizing field-collected seed. Various seed
sterilization methods are available, including an ethanol wash or chlorine gas sterilization,
that may be useful when using seed that contains endophytic pathogens, particularly if
inclusion of a fungicide is not desired (Barampuram et al. 2014). Efforts to apply these
techniques were not successful as decontamination methods such as a 70% ethanol wash
or overnight chlorine gas treatment that successfully sterilized the seed also compromised
seed germination. In this research, supplementing the growth media with a fungicide was
acceptable and sufficient to manage contaminant growth throughout the experiment. As
described by other researchers, future work is required to expand this assay to investigate
additional herbicide modes of action and other plant species.
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Collectively, these studies illustrate that there is a differential response of
horseweed to halauxifen-methyl compared with 2,4-D and dicamba. The differential
phytoxicity and commercial use rates among these chemical families is interesting and
future work investigating the explanation of these difference is justified to further delineate
this mode of herbicide action. An increase in the use of 2,4-D and dicamba is expected
given the potential impact of dicamba-resistant crops (e.g. soybean, cotton) and 2,4-Dresistant crops (e.g. corn, soybean, cotton). Given this increase in preplant and in-crop
applications, it is likely there will be increased incidence of resistance to these herbicides
as well. This research investigated horseweed biotypes that were sensitive to auxin
chemistry and will provide a foundation for understanding horseweed response to 2,4-D,
dicamba, and halauxifen-methyl. In short, the efficacy of halauxifen-methyl on horseweed
in this research is similar to or greater than current auxin standards, 2,4-D and dicamba,
across a range of horseweed heights (McCauley et al. 2018). The differing influence of
diflufenzopyr on the efficacy of 2,4-D and dicamba compared to halauxifen-methyl was
unexpected, but further confirms differences in the physiological response of plants among
auxin chemistries.
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Table 3.1. GR50 value estimates from a whole-plant bioassay of two Indiana horseweed populations
(data combined) following foliar application of three synthetic auxin herbicides applied to rosette and
bolted heights under controlled environmental conditions.
Herbicide

Height

Halauxifen-methyl Rosette
10 cm
20 cm
2,4-D

Rosette
10 cm
20 cm

GR50a
Visual ratingb (SE)
Dry weightc (SE) Dry weight (%) (SE)
-------------------------------- g ae ha-1 -------------------------------0.05 (0.002)
0.02 (0.002)
0.02 (0.002)
0.40 (0.04)
0.07 (0.01)
0.06 (0.01)
0.40 (0.06)
0.06 (0.008)
0.06 (0.008)
35.8 (1.7)
67.6 (5.9)
239.8 (185)

10.3 (1.1)
25.5 (2.2)
18.7 (1.4)

10.4 (1.0)
25.8 (2.0)
18.8 (1.1)

Dicamba

Rosette
31.0 (3.0)
7.7 (4.8)
7.6 (4.2)
10 cm
53.7 (8.4)
20.7 (15.2)
20.7 (13.1)
20 cm
53.0 (10)
6.8 (1.0)
6.9 (0.8)
a
GR50 represents the rate needed to generate a 50% growth reduction of each response variable.
b
GR50 value estimates for visual rating generated using the three parameter log-logistic model (Equation
1).
c
GR50 value estimates for dry weight and dry weight converted to a percentage of the nontreated control
generated using the four parameter log-logistic model (Equation 2).
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Table 3.2. Efficacy of auxin herbicides and diflufenzopyr on rosette horseweed as influenced by herbicide rate under controlled
environmental conditions.
Auxin
herbicide

Auxin herbicide
Diflufenzopyr
rate
rate
-----------g ae ha-1----------0
0.004
0
0.012
0
0.02
0
0.04
0
2
0
4
0
12
0
40
0
100
0
400

Visual ratinga
Dry weight reductionb
Auxin +
Auxin +
Auxin alone
diflufenzopyr
Auxin alone
diflufenzopyr
------------------------------------------------ % -----------------------------------------------0
10
0
13
0
2
0
5
13
45
49
71
71
82
71
83
73
85
72
86

2,4-D

5
10
30
100

2
4
12
40

10
19
67
99

70
81
95
100

(+)c
(+)
(-)
(-)

33
46
86
95

84
89
94
95

(+)
(NS)
(-)
(-)

Dicamba

5
10
30
100

2
4
12
40

33
41
90
100

74
85
100
100

(+)
(NS)
(-)
(-)

58
72
89
95

86
91
94
94

(+)
(NS)
(-)
(-)

Halauxifenmethyl

0.01
0.03
0.05
0.05
0.1

0.004
0.012
0.02
12
0.04

0
28
65
65
80

1
20
60
81
81

(NS)
(NS)
(NS)
(-)
(NS)

19
69
85
85
89

26
70
87
90
91

(NS)
(NS)
(NS)
(-)
(NS)

LSD (0.05)
4
6
Visual rating on a scale of 0 (no injury symptoms) to 100 (plant death) of herbicide efficacy compared to the nontreated control at 21 DAT.
b
Dry weight reported as percent aboveground biomass reduction compared to the nontreated control at 21 DAT.
c
Values in parentheses indicates the tank mixture interaction (α=0.05) as: (+) synergistic, (NS) additive/nonsignificant, or (-) antagonistic.
a
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Table 3.3. GR50 and GR90 value estimates from an agar-based bioassay of two Indiana
horseweed populations (data combined) for root length and root length as a percentage of
the nontreated control in response to three synthetic auxin herbicides.
Root lengtha
Root length (%)b
Herbicide
GR50 (SE)c
GR90 (SE)
GR50 (SE)
GR90 (SE)
------------------------------------- µM --------------------------------------Halauxifen-methyl 0.004 (0.0005)
0.06 (0.01)
0.004 (0.0005)
0.06 (0.01)
2,4-D
0.16 (0.02)
0.65 (0.10)
0.16 (0.01)
0.64 (0.10)
Dicamba
0.19 (0.1)
1.90 (0.43)
0.16 (0.01)
1.89 (0.42)
a
Root length measured in mm.
b
Root length converted to a percentage of the nontreated control.
c
GR50 and GR90 represents the rate needed to generate a 50 and 90% growth reduction,
respectively, of each response variable generated using the three parameter log-logistic
model (Equation 1).
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COMPREHENSIVE TRANSCRIPTOME
ANALYSIS OF THE SYNTHETIC AUXIN HERBICIDE
RESPONSE IN THE PROBLEMATIC WEED SPECIES
ERIGERON CANADENSIS

4.1

Abstract

The auxin herbicides 2,4-D and dicamba are commonly used for management of horseweed
(Erigeron canadensis L.). Halauxifen-methyl is a recently commercialized auxin herbicide
used to control several broadleaf weed species at a range of sites and under various
environmental conditions. While synthetic auxin herbicides have been used for over 70
years, the precise mode of action that leads to plant death has yet to be clearly characterized.
As new chemical families are discovered and the use of these herbicides continues to
increase, it is imperative to understand how synthetic auxin active ingredients work within
the plant to cause an herbicidal effect. At 1 hour after treatment (HAT), 48 genes were
consistently upregulated across the three herbicides, many of which are involved in the
auxin-activated signaling pathway and response to auxin. At 6 HAT, 735 genes were
upregulated by all herbicide treatments including genes associated with hormone signaling,
metabolism, and gene expression. The biological processes representing the 501 genes
downregulated in all herbicide treatments were related to photosynthesis. At 6 HAT, over
50% of the genes differentially expressed among the three herbicide treatments were
unique to a single active ingredient. This research presents a first look into the differential
gene expression profiles in horseweed following a foliar application of synthetic auxin
compounds that represent three unique chemical families. While there are an abundance of
transcriptome similarities induced by each herbicide that accounts for the general auxin
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herbicide response, distinct gene expression changes exclusive to each compound cannot
be ignored as a contributor to the overall herbicidal mode of action.

4.2

Introduction

Horseweed (Erigeron canadensis L.) is a problematic broadleaf weed species found in
many cropping systems (Davis et al. 2009, Gibson et al. 2006). Since the evolution and
spread of horseweed biotypes resistant to glyphosate and acetolactate synthase (ALS)inhibiting herbicides across the United States (Heap 2018, Kruger et al. 2009, VanGessel
et al. 2009), control options for emerged plants prior to crop planting has often included
the synthetic auxin herbicides 2,4-D (phenoxy chemical family) and dicamba (benzoic acid
chemical family). To date, there is no report of horseweed resistance to any synthetic auxin
compound (Heap 2018).
Recently, 2,4-D-resistant populations of waterhemp (Amaranthus tuberculatus
(Moq.) J. D. Sauer) have been documented (Bernards et al. 2012, Crespo et al. 2017, Sabate
et al. 2017), but the mechanism of resistance has yet to be thoroughly described. The recent
commercialization of dicamba-resistant crops (Behrens et al. 2007), and potential future
release of 2,4-D-resistant crops (Wright et al. 2010), allow for in-season applications of
auxin herbicides. The subsequent shift in herbicide use will intensify selection for evolution
of resistance to these herbicides in horseweed and other broadleaf weed species.
Halauxifen-methyl is an arylpicolinate herbicide that has shown a high level of efficacy on
horseweed and other broadleaf weed species (Braz et al. 2017, Love et al. 2016, McCauley
et al. 2018).
Synthetic auxin herbicides have been used for over 70 years, but the precise mode
of action that leads to plant death has yet to be fully characterized. The fundamental process

82
of auxin recognition and its role in plant growth and development is well-described
(Dharmasiri et al. 2005a, Hagen and Guilfoyle 2002, Kepinski and Leyser 2005, Tan et al.
2007). In the accepted model, indole-3-acetic acid (IAA), the naturally-occurring auxin,
binds a member of the transport inhibitor response 1 (TIR1)/ auxin signaling F-Box (AFB)
family of receptors; this interaction promotes the recruitment of the Aux/IAA
transcriptional repressor to form a complex of auxin, TIR1/AFB, and Aux/IAA (Calderón
Villalobos et al. 2012). The stability of this complex, where auxin has been referred to as
the “molecular glue” binding TIR1/AFB to Aux/IAA, permits further interaction with a
Skp1-cullin-F-box (SCF) complex that initiates ubiquitination of the Aux/IAA protein
(Kepinski and Leyser 2005). The ubiquitin tag is a target for degradation by the 26S
proteasome.
Degradation of Aux/IAA triggers two major outcomes: destabilization of the auxinTIR1/AFB interaction that results in return of auxin to the available auxin pool and derepression of the auxin response (ARF) transcription factors that allows for auxinresponsive transcription (Tan et al. 2007, Woodward and Bartel 2005). This endogenous
recognition pathway is essential to plant growth and development and occurs throughout
the plant. This pathway is exploited when unnaturally high, or herbicidal, levels of auxins
are applied (Grossmann 2010). Colloquially, it has been accepted that exogenous
application of auxins at a herbicidal level causes the plant to “[grow] themselves to death”
due to the massive overuse of this pathway, but sufficient evidence has not corroborated
this statement (Gilbert 1946).
Attempts to demystify the auxin mode of action as it relates to herbicidal activity
has focused on characterization of the TIR1/AFB auxin receptors in Arabidopsis. The

83
TIR1/AFB gene family consists of six receptors: TIR1 and five homologs denoted as AFB1,
AFB2, AFB3, AFB4, and AFB5 (Dharmasiri et al. 2005b, Parry et al. 2009, Prigge et al.
2016). Analysis of Arabidopsis mutant lines has confirmed that the receptors confer
response specificity to different auxin active ingredients. Initial research described that
afb5 was resistant to picloram, but not to 2,4-D or IAA (Walsh et al. 2006). Research that
included 2,4-D and dicamba discovered that tir1 was resistant to dicamba and 2,4-D and
confirmed that afb5 was not resistant 2,4-D, but was resistant to dicamba (Gleason et al.
2011). While this research is necessary to provide insight into the specificity of synthetic
auxin herbicide recognition, it does overcome the lack of information regarding the
physiological mechanisms perturbed by application of the exogenous auxins at herbicidal
rates.
The IAA-induced transcriptome has been extensively characterized in Arabidopsis
and serves as the foundation for investigating the plant response to synthetic auxin
compounds (Chapman and Estelle 2009, Goda 2004, Hagen and Guilfoyle 2002, Paponov
et al. 2008). Additional analysis of the auxin-induced transcriptome in etiolated
Arabidopsis seedlings concluded that treatment of six unique auxin compounds resulted in
similar differential gene expression patterns, yet distinct differences between naturallyoccurring and synthetic compounds were also identified (Pufky et al. 2003). These studies
focused on the basic aspects of auxin activity that regulate plant growth and development,
but characterization of the genetic regulation and hormonal cross-talk following synthetic
auxin herbicide treatment is incomplete.
As reviewed by Grossmann (2010), the upregulation of 9-cis-epoxycarotenoid
dioxygenase (NCED) and 1-aminocyclopropane-1-carboxylic acid (ACC) synthase and
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subsequent increased biosynthesis of abscisic acid (ABA) and ethylene, are fundamental
aspects of the auxin herbicide mode of action. It has been proposed that auxin herbicideinduced ACC synthase is a primary target process within the mode of action (Sterling and
Hall 1997) and upregulation of genes encoding ACC synthase have been described
following IAA treatment (Abel et al. 1995).
Research into whole-transcriptome differential gene expression following auxin
herbicide treatment has been limited to Arabidopsis and the synthetic auxin herbicides 2,4D (Raghavan et al. 2005) and dicamba (Gleason et al. 2011). After 1 h of exposure of 2,4D, microarray analysis indicated that 148 and 85 genes were up and downregulated,
respectively (Raghavan et al. 2005). A gene encoding NCED3 was upregulated, but there
was no differential gene expression of ACC synthase or ACC oxidase (Raghavan et al.
2005). Genes encoding ACC synthase and NCED, the enzymes involved in the ratelimiting step in synthesis of the key plant hormones ABA and ethylene, respectively, were
upregulated following a 40 min flood of dicamba treatment (Gleason et al. 2011). In
cleavers (Galium aparine L.), auxin herbicides upregulated genes encoding NCED and
increased ACC activity (Kraft et al. 2007).
The complex network of plant hormone interactions that are perturbed by
exogenous synthetic auxin herbicide applications provide a unique opportunity to employ
transcriptomics to study herbicide response in a target weed species such as horseweed.
The availability of a reference genome, along with the problematic weedy growth
characteristics that make it a target of auxin herbicides, make horseweed an ideal species
for this research (Peng et al. 2014). The objective of this research was to investigate the
synthetic auxin herbicide-induced transcriptome in horseweed. To our knowledge, this
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represents the first differential gene expression analysis on an economically important
target weed following a foliar application of 2,4-D, dicamba, and halauxifen-methyl.

4.3
4.3.1

Materials and Methods
Reference Genome Annotation

Gene prediction was performed on the assembled horseweed genome (accession
GCA_000775935.1), using GeneMark (Borodovsky and Lomsadze 2011) and generated
protein sequences were annotated using blastp against the non-redundant protein database
from NCBI and the Arabidopsis protein database from TAIR10. Annotation for each gene
was assigned according to the top blast hit with an E-value cut-off of 10-3. The Arabidopsis
annotation was utilized for the subsequent functional interpretation of differentially
expressed genes. The annotation is pending GEO submission.
4.3.2

Plant material and growth conditions

Horseweed seeds collected from Brookston, IN (40.59ºN, 86.76ºW) were sown onto
commercial potting media (Sun Gro Propagation Mix, Sun Gro Horticulture). The
greenhouse temperature was maintained between 23 and 29 C; supplemental light was
provided with high pressure sodium bulbs set to a 16-h photoperiod. Once seedlings
reached the 3- to 5-leaf stage, individual seedlings were transplanted into 100-cm2 pots
containing the same commercial potting media. Plants were watered as needed and
fertilized weekly (Jack’s Professional 20-20-20, JR Peters Inc). Treatments included
commercially labeled field rates of 2,4-D dimethylamine salt (Weedar® 64, Nufarm Inc.),
dicamba diglycolamine salt (Clarity®, BASF Corporation), and halauxifen-methyl
(Arylex™ active, Dow AgroSciences LLC) at 560, 280, and 5 g ae ha-1, respectively, in
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addition to a water-only treatment that served as the control. A nonionic surfactant
(Activator-90, Loveland Products) was added at 0.25% v/v to all treatments including the
control. Herbicide applications were made to 6- to 10-cm rosettes using a single-nozzle
track-mounted sprayer with a single flat fan XR 8002E nozzle calibrated to deliver 140 L
ha-1.
4.3.3

RNA Extraction and Whole-Transcriptome Sequencing

Plant tissue samples were collected at 1 and 6 hours after herbicide treatment (HAT) for
whole-transcriptome sequencing. For each biological replicate, a single leaf was excised
from separate plants and immediately flash frozen in liquid nitrogen and stored at -80ºC
until RNA extraction. Leaf tissue was pulverized in a lysis buffer with β-mercaptoethanol
and total RNA was extracted according to the RNeasy Plant Mini Kit protocol with slight
modifications (Qiagen cat. no. 74904). To ensure removal of genomic DNA, total RNA
was subjected to a RNA Clean & Concentrator kit (Zymo Research cat. no. R1013). Total
RNA was submitted to the Purdue Genomics Core Facility (Purdue University) for
poly(A)+ RNA selection, library construction, and sequencing. Samples were dualbarcoded and pooled prior to sequencing on an Illumina HiSeq2500 platform using pairedend technology in “rapid” mode. Approximately 80 million paired-end reads were
generated for each of the 32 samples. For RNA-seq, four biological replications, where a
replication represents an individual plant, were included for each treatment at each time
point.
4.3.4

Differential Gene Expression Analysis

Sequence quality control and quality trimming was performed using FastQC (version
0.11.2) and the FASTX-Toolkit (version 0.0.14) with a minimum Phred33 quality score of
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30. Processed reads of at least 50 bases in length were mapped to the annotated genome
using the STAR aligner (version 2.5.2b) with default parameters. To generate read counts
for each gene, HTSeq (Version 0.6.1) was used; custom Perl scripts were used to generate
a read count matrix that included all samples and replicates. Differential gene expression
analysis performed with three different methods; edgeR and DESeq2, both of which were
carried out using ‘R’ (Version 3.3.2), and Cufflinks (v 2.2.1). In edgeR (v 3.16.5)
differential expression was calculated via an exact test for differences between the negative
binomial distribution of counts for each herbicide treatment compared to the water-only
treatment. Differentially expressed gene lists generated using DESeq2 (v 1.14.1) for each
herbicide treatment used an estimated variance-mean test using the negative binomial
distribution. In the Cufflinks analysis, differential gene expression analysis was performed
based on fragments per kilobase of exon per million fragments mapped (FPKM) values
and pairwise comparisons of these FPKM values. To optimize accuracy and breadth in the
analysis, genes detected as significant (adjusted p-value (adjP) ≤ 0.05) in at least two of the
three analyses for each treatment were included in the final gene list in the results (Table
4.1). Venn diagrams were generated for differentially expressed genes among herbicide
treatments using Venny 2.1 (http://bioinfogp.cnb.csic.es/tools/venny/) (Figure 4.1).
4.3.5

Expression Analysis Validation (qRT-PCR)

To confirm RNA-seq results, five genes identified as differentially expressed from the
RNA-seq results were validated with qRT-PCR at the 1 and 6 HAT time points. Total RNA
was extracted from plants grown at a different time and sprayed independently from those
used for RNA-seq, and prepared according to the methods above. cDNA was generated
using SuperScript IV reverse transcriptase (Invitrogen cat. no. 18090050) and Oligo(dT)20
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primers (Invitrogen cat. no. 18418-020). qRT-PCR was performed in a 10-µL volume and
included 5 µL SYBR green (iQ SYBR Green Supermix, Bio-Rad cat. no. 1708880), 2 µL
1:1 mix of forward and reverse primers, and 3 µL of 1:30 diluted cDNA. Each reaction was
mixed using the QIAgility liquid handling robot (Qiagen cat. no. 9001532) using a custom
program. Three technical replicates were performed for each sample and three biological
replicates were performed for each herbicide by time point treatment. Primer sequences
were designed using Primer3Plus and prfectBLAST (Santiago-Sotelo and Ramirez-Prado
2012) (Table 4.2). The relative fold change of each gene was normalized to a tubulin
internal control gene. Reaction conditions included one cycle of 3 min at 95 C, 40 cycles
of 15 sec at 95 C and 30 sec at 60 C, and 1 min at 55 C. A melt curve analysis confirmed
the presence of a single amplified product for each reaction. Relative fold change values
were calculated using the 2-ΔΔCt method (Livak and Schmittgen 2001) with Bioconductor
packages NormqPCR and ReadqPCR (Perkins et al. 2012).
4.3.6

Gene Ontology Enrichment Analysis

The AGI codes of the top Arabidopsis gene accession assigned to each horseweed gene
were used for Gene Ontology (GO) term enrichment analysis. Biological process GO terms
that were statistically overrepresented (right-sided hypergeometric test, BenjaminiHochberg correction for multiple testing with α = 0.05) in the genes lists consistently
differentially expressed among 2,4-D, dicamba, and halauxifen-methyl treatments were
determined using the Cytoscape plug-in ClueGO (Bindea et al. 2009). For ontology
enrichment, the background reference gene set included homologous Arabidopsis genes
identified in the horseweed genome that were expressed in leaf tissue. Additional
parameters included a minimum of 5 genes per cluster and a Kappa Score of 0.4.
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4.4
4.4.1

Results and Discussion
Transcriptome Analysis

Transcriptome sequencing of 32 Erigeron canadensis leaf samples yielded 2.6 billion reads,
over 99.7% of which passed quality control measures (Appendix A.1). Overall mapping
rate to the genome ranged from 66.7% to 77.34 % across all samples.
4.4.2

Differential Gene Expression Analysis Overview

At 1 HAT, there was significant upregulation of genes following the treatment of all three
auxin herbicide treatments. Specifically, 227, 431, and 70 genes were upregulated in the
2,4-D, dicamba, and halauxifen-methyl treatments, respectively, at 1 HAT (Figure 4.1A).
As anticipated, many of the 48 “early auxin-response” genes that were consistently
upregulated in all three herbicides, including Aux/IAAs and GH3s, were involved in the
auxin-activated signaling pathway and auxin response (Hagen and Guilfoyle 2002). There
were no downregulated genes at 1 HAT for the halauxifen-methyl treatment, but 2,4-D and
dicamba treatments downregulated 256 and 296 genes, respectively, 120 of which were
downregulated by both herbicides (Figure 4.1B). Consistent upregulation of auxin response
factors and IAA further confirm that all three active ingredients were recognized as auxinlike compounds by horseweed at 1 HAT and the recognition continued to 6 HAT as well.
At 6 HAT, 1250 genes that were differentially expressed were consistent among all
herbicide treatments; 734 of which were upregulated and 516 which were downregulated.
To confirm the validity of the DEG analysis, the relative expression of five genes was
assessed via qRT-PCR for each herbicide and time point combination. The qRT-PCR
results for each gene were consistent with the RNA-seq expression data for each of the
three analyses that were performed (Figure 4.2). This validation was conducted on plants
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grown and sprayed independently from plants used for RNA-seq, slight variations in
growth conditions likely account for the few inconsistencies. The coefficient of
determination (R2) values of 0.767 and 0.751 for DESeq2 and edgeR analysis methods,
respectively, indicates a linear relationship between RNA-seq and qRT-PCR results.
4.4.3

Analysis of Genes Associated with Auxin, Abscisic Acid, and Ethylene

Auxin-responsive gene expression has been extensively characterized and includes three
major groups or gene families: Aux/IAAs, SAURs (small auxin responsive RNAs), and
GH3s (Hagen and Guilfoyle 2002). As expected, 2,4-D, dicamba, and halauxifen-methyl
consistently upregulated genes in these groups at 1 and 6 HAT (Table 4.3). Genes encoding
IAA13 and IAA29 were consistently upregulated by all auxin herbicide treatments 1 and 6
HAT. Four additional genes encoding IAAs were upregulated in all treatments at 6 HAT.
Interestingly, the gene encoding IAA3/SHORT HYPOCOTYL 2 (SHY2) was exclusively
upregulated following 2,4-D application at 6 HAT. In Arabidopsis, IAA3/SHY2 functions
as a sequence-specific DNA binding transcription factor and is induced by IAA, but may
inhibit gene expression (Tian et al. 2002). Many small auxin responsive RNA (SAUR) and
SAUR-like genes were upregulated consistently among the herbicide treatments. This
agrees with previous work on auxin response in Arabidopsis (Abel and Theologis 1996,
Goda 2004, Hagen and Guilfoyle 2002), but contrasts with other research where 2,4-D
treatment resulted in downregulation of SAUR-like genes (Raghavan et al. 2006).
In horseweed, eight unique GH3 genes were differentially expressed following
auxin herbicide application (Table 4.3). Three genes encoding GH3.1 were upregulated in
most herbicide treatments at 1 HAT and in all herbicide treatments at 6 HAT. This indicates
that upregulation of GH3.1 in a common response of horseweed to 2,4-D, dicamba, and
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halauxifen-methyl. Differential expression of two genes encoding GH3.5/WES1 followed
a similar trend with one gene consistently upregulated at 1 and 6 HAT for all auxin
herbicides and the other upregulated in all treatments except 2,4-D at 1 HAT. Other GH3
genes such as two encoding GH3.6/DWARF IN LIGHT 1 (DFL1) and one encoding
GH3.10/DWARF IN LIGHT 2 (DFL2) were also differentially expressed. Another GH3
gene that also functions in the jasmonic acid pathway, GH3.11/JASMONATE
RESISTANT 1 (JAR1), was downregulated by all herbicides at 1 and 6 HAT with the
exception of 2,4-D at 1 HAT. The gene encoding JAZ1, a key regulator in jasmonate
signaling, was downregulated by 2,4-D and dicamba at 1 HAT, but was upregulated by
halauxifen-methyl, 2,4-D, and dicamba at 6 HAT.
Genes involved in the biosynthesis and signaling of other plant hormones such as
(ABA) and ethylene were also differentially expressed in horseweed following auxin
herbicide treatment. The conversion of 9-cis-violaxanthin to xanthoxin that is catalyzed by
NCED is a key regulatory step in ABA biosynthesis; an increase in NCED expression
results in an increase in ABA (Kraft et al. 2007, Schwartz et al. 2003). In Arabidopsis, nine
NCED-related genes, also considered more broadly as carotenoid cleavage dioxygenases
(CCD) have been identified; five of which (NCED2, 3, 5, 6, and 9) are considered to play
an active role in ABA biosynthesis (Iuchi et al. 2001, Schwartz et al. 2003, Tan et al. 2003).
In this study, two genes encoding NCED were differentially expressed. At 1 and 6 HAT,
one NCED was consistently upregulated in 2,4-D, dicamba, and halauxifen-methyl
treatments in horseweed. This is consistent with previous research that reported
upregulation of NCED3 in Arabidopsis following 2,4-D treatment (Raghavan et al. 2005).
Additionally, a second NCED was upregulated at 6 HAT exclusively following halauxifen-
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methyl treatment. Also labeled as CCD4, NCED4 is not described to play a major role in
ABA biosynthesis, but rather has been implicated in β-carotene degradation in senescing
leaves (Gonzalez-Jorge et al. 2013, Rottet et al. 2016). Other CCD genes including CCD1
were consistently upregulated at 6 HAT in all herbicide treatments.
Other genes involved in the ABA biosynthetic pathway, such as ABA2 which acts
downstream of NCED and catalyzes the conversion of abscisic aldehyde from xanthoxin,
were differentially expressed in horseweed following auxin herbicide treatment. Two
unique horseweed genes encoding ABA2 were differentially expressed, one was
consistently downregulated in all three herbicides at 6 HAT while the other was marginally
downregulated in 2,4-D and dicamba treatments at 1 HAT and also downregulated at HAT
in the 2,4-D treatment. The penultimate step in ethylene biosynthesis in which Sadenosylmethionine (SAM) is converted into 1-aminocyclopropane-1-carboxylic acid
(ACC) is catalyzed by ACC synthase. This enzyme is the rate-limiting step of ethylene
production (Ruduś et al. 2013, Schellingen et al. 2014, Yang and Hoffman 1984). The
Arabidopsis genome encodes eight functional ACS genes (Tsuchisaka and Theologis 2004),
homologs of three were identified in the horseweed genome. Additional research in
mungbean (Vigna radiata)(Yoon et al. 1997) and in Arabidopsis (Paponov et al. 2008)
specifically identified ACS6 as being auxin-induced. In this study, the gene encoding
ACS6 was not differentially expressed at 1 HAT, but there was upregulation of the gene at
6 HAT. This is consistent with previous research that in Arabidopsis that reported that 2,4D treatment did not regulate genes involved in ethylene biosynthesis, but regulation of
genes involved in ethylene signaling was observed (Raghavan et al. 2006). Interestingly,
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ACS10, a member of the ACS gene family that confers no ACC synthase activity, was
downregulated by 2,4-D, dicamba, and halauxifen-methyl at 6 HAT.
In the final step of ethylene synthesis, ACC is oxidized by ACC oxidase. While
ACC synthase is commonly referred to as the rate-limiting enzyme, some research
indicates that the regulation of ACC oxidase may serve as an additional control step in the
ethylene biosynthesis pathway (Chae et al. 2000, Ruduś et al. 2013). Within the horseweed
genome, there are seven genes annotated to have ACC oxidase activity, four of which are
also labeled as an ethylene-forming enzyme (EFE). The genes described as EFE reflect the
early research before the entirety of the ACC oxidase gene family was characterized and is
synonymous with ACO4. In this study, one gene encoding ACO4 was not differentially
expressed at 1 HAT, but was consistently downregulated at 6 HAT in all herbicide
treatments. Additionally, another gene encoding ACO4 was marginally upregulated at 6
HAT.
4.4.4

GO Term Enrichment of Differentially Expressed Genes

The enrichment of the Gene Ontology (GO) Biological Process terms associated with the
horseweed genes consistently differentially expressed among 2,4-D, dicamba, and
halauxifen-methyl at both 1 and 6 HAT (Figure 4.3, Figure 4.4, Figure 4.5) illustrates
principal clusters of enriched GO terms. At 1 HAT, the 48 genes upregulated in all
treatments were simplified to a single cluster that included GO terms such as response to
auxin and auxin-activated signaling pathway (Figure 4.3). There were no genes
downregulated by the halauxifen-methyl treatment at 1 HAT and, therefore, no GO term
enrichment was conducted for the collective auxin herbicide response for downregulated
genes at that time point.
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The 734 genes upregulated by 2,4-D, dicamba, and halauxifen-methyl at 6 HAT
generated the most complex GO term network that yielded three major clusters: gene
expression, hormone signaling, and metabolism (Figure 4.4). Upregulation of genes
associated with these processes are consistent with results compiled in a review of auxininduced gene expression (Chapman and Estelle 2009). Analysis of the 516 genes
consistently downregulated by all three auxin herbicides at 6 HAT revealed one major
network: photosynthesis (Figure 4.5). The downregulation of genes involved in
photosynthesis has been represented as auxin-responsive (Chapman and Estelle 2009), but
also as a global plant response to abiotic and biotic stress (Bilgin et al. 2010, Chaves et al.
2009). It has been hypothesized that the inhibition of photosynthesis resulting from biotic
stress may allow for additional resource allocation in defense response processes (Bilgin
et al. 2010). The perturbation of genes involved in the complex network of hormone
signaling suggests that the plant is perceiving some external stressor.

4.5

Conclusion

This study reports the first whole transcriptome response to 2,4-D, dicamba, and
halauxifen-methyl in horseweed, a problematic broadleaf weed species often the target for
the synthetic auxin herbicide chemistry. The upregulation of NCED supports previous
research that crosstalk between auxin and ABA is involved in auxin herbicide response,
but additional research is needed to elucidate the role of ethylene. The majority of genes
consistently upregulated among all herbicide treatments were involved in auxin response,
gene expression, and hormone signaling. The identification of genes involved in the
general auxin herbicide response will enable future progress to be made to understand the
physiological processes involved in herbicide-induced plant death and has the potential to
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expedite research in biotypes that evolve resistance to these herbicide active ingredients.
Fewer genes were differentially expressed following halauxifen-methyl application
compared with 2,4-D and dicamba at 1 HAT suggesting that interaction with the active site
is different or was delayed. Future work to investigate differential expression of genes
exclusively regulated individual auxin herbicides will provide insight into the uniqueness
of each active ingredient.
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Table 4.1. Number of differentially expressed genes (adjP ≤ 0.05) from each analysis method
Time point
1 HAT

6 HAT

Herbicide treatment
2,4-D
Dicamba
Halauxifen-methyl
2,4-D
Dicamba
Halauxifen-methyl

DESeq2
736
1,327
110
3,797
2,352
3,272

edgeR
381
610
60
2,885
1,593
2,219

Cufflinks
725
1121
147
3,378
1,813
2,820

# genes detected by
2 or more methods
488
753
70
3,256
1,790
2,638

Table 4.2. Primer sequences used for qRT-PCR validation of gene expression in horseweed.
Horseweed gene
hw34273

NCED5

Forward sequence
(5’ to 3’)
TCGACCGGTTTTCCCAAAAG

hw1898

Cinnamyl alcohol dehydrogenase

TTTTGGCGCGGAAGTTACTG

ATCCAATGAACTCGCTGCAG

hw28000

Starch synthase 2

AGCTAATCCATGCACTTGGC

TGCATCATTCCACGTTGCTG

hw18003

SAUR-like

TCAAGAAGAGTACGGCTTCACC

TCCTTTGCACATCGAAGCAC

hw53227

GH3.1

TTTCAAGACACGGGCCTTTG

ATTGCACCAAGACGAAGCAC

hw21538

Tubulin

ACGCTACCTAACTGCATCTGTC

AGGGATGTCACAAACGCTTG

Annotation

Reverse sequence
(5’ to 3’)
ACCAAACCGAACAACGAACG
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Table 4.3. Differentially expressed genes discussed in text. Relative fold change (Log2FC) values from DEseq2 analysis.
6 HAT

1 HAT
Horseweed
gene

Annotation

Arabidopsis
accession

Blast
E-value

2,4-D

Dicamba

Halauxifenmethyl

2,4-D

Dicamba

Halauxifenmethyl

Log2FC

AdjP

Log2FC

AdjP

Log2FC

AdjP

Log2FC

AdjP

Log2FC

AdjP

Log2FC

AdjP

hw49852

IAA13

AT2G33310

9.68E-50

1.7

3.2E-09

2.3

4.2E-22

1.8

1.4E-09

2.9

5.7E-25

2.7

1.2E-14

2.7

1.9E-15

hw50873

IAA29

AT4G32280

8.56E-19

2.5

1.7E-14

3.6

1.3E-16

2.9

1.1E-15

4.1

1.6E-23

4.1

3.4E-17

5.0

3.3E-26

hw49729

IAA9

AT5G65670

4.57E-64

0.9

0.029

0.27

0.65

0.8

0.28

2.3

6.8E-27

1.9

5.2E-08

2.3

2.0E-15

hw32535

IAA13

AT2G33310

6.00E-27

1.5

0.001

0.78

0.29

1.1

0.31

3.3

1.4E-08

3.1

1.72E-06

2.9

1.7E-05

hw27084

IAA13

AT2G33310

1.59E-46

1.3

0.002

1.4

0.0035

1.4

0.005

3.4

1.3E-05

3.1

7.7E-06

3.2

1.5E-06

hw13742

IAA32

AT2G01200

3.34E-13

0.7

NA

NA

NA

0.5

NA

4.0

2.6E-07

2.8

4.2E-03

3.4

4.7E-04

hw5689

IAA3/SHY2

AT1G04240

2.09E-67

0.6

0.66

1.3

NA

0.9

0.56

2.7

1.7E-03

1.9

0.064

1.9

0.032

hw33543

NCED4

AT4G19170

0

-0.03

NA

0.22

NA

0.6

0.84

-0.52

NA

1.8

0.11

2.6

1.8E-03

hw34273

NCED5

AT1G30100

0

4.5

6.3E-35

4.7

5.5E-30

2.5

9.5E-07

3.9

3.5E-14

2.9

2.0E-06

2.6

1.2E-05

hw21726

CCD1

AT3G63520

2.21E-31

-1.0

0.041

0.33

0.65

0.2

0.91

3.9

4.7E-90

4.3

7.0E-52

4.5

5.4E-84

hw42905

ACS6

AT4G11280

4.30E-138

-0.8

0.072

0.26

0.62

-0.06

0.99

1.1

7.1E-03

1.2

3.8E-03

1.4

1.7E-04

hw7316

ACS10

AT1G62960

3.64E-113

0.2

0.77

0.41

0.44

0.04

0.99

-1.8

1.7E-17

-1.2

1.2E-03

-1.8

5.1E-05

hw15637

EFE/ACO4

AT1G05010

3.11E-117

-0.4

0.68

0.40

0.48

0.12

0.97

-2.6

1.1E-07

-2.9

1.0E-09

-2.6

1.4E-19

hw53227

GH3.1

AT2G14960

0

3.5

9.9E-13

2.8

4.6E-5

2.1

2.9E-04

5.6

1.7E-12

4.8

1.0E-08

6.1

1.1E-20

hw7406

WES1

AT4G27260

0

1.5

NA

3.0

3.2E-5

2.7

7.9E-08

6.5

5.8E-40

6.3

5.7E-36

6.6

9.2E-37

†

0.046

10.8

4.5E-84

10.4

1.0E-89

10.5

1.9E-101

hw8261

GH3.1

AT2G14960

0

3.3

hw16576

GH3.1

AT2G14960

0

hw2486

GH3.11/JAR1

AT2G46370

hw21289

GH3.6/DFL1

hw40463
hw35545
hw13007

†

0.016

1.34

NA

4.9

2.4

2.2E-0.4

1.26

NA

0.9

0.50

6.0

9.8E-21

5.6

2.8E-16

3.2

8.2E-04

0

-1.5

0.015

-0.9

0.16

-0.7

0.68

-1.4

4.4E-13

-1.0

3.7E-04

-0.8

5.8E-03

AT5G54510

0

-0.008

1.0

-0.3

0.81

-0.2

0.98

1.4

0.15

1.0

0.50

3.0

7.8E-05

GH3.5/WES1

AT4G27260

0

-1.6

0.001

0.2

0.85

0.2

0.97

3.2

1.6E-09

3.2

0.6E-08

2.9

7.9E-05

GH3.10/DFL2
SRG1

AT4G03400
AT1G17020

0
1.97E-147

-0.8

0.28

0.2

0.87

-0.3

0.94

-2.1

4.8E-03

0.8

NA

-0.2

0.91

-0.5

0.50

0.3

0.57

0.07

0.99

1.2

4.5E-07

1.5

3.9E-07

2.1

7.2E-09

Relative fold change values significant (adjusted p-value ≤ 0.05) in at least two of the three analysis methods (DEseq2, edgeR, and Cufflinks) are bolded and highlighted in blue.
NA represents genes that did not pass the filter threshold.
†Relative fold change value from edgeR analysis.
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A.

B.

C.

D.

Figure 4.1. Venn diagrams illustrating differentially expressed genes in
horseweed following synthetic auxin herbicide application. Increase or
decrease in expression was determined by three analysis methods: edgeR,
DESeq2, and Cufflinks; pairwise comparisons were made between each
herbicide treatment and the water (control) treatment at the same time point.
Genes that were significantly differentially expressed (adjP ≤ 0.05) in at
least two of the three analysis methods are shown. A. upregulated 1 HAT;
B. downregulated 1 HAT; C. upregulated 6 HAT; D. downregulated 6 HAT.
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Figure 4.2. Scatter plots of relative expression measured by qRT-PCR versus estimation from RNA-seq. Each plot represents five genes
measured following three herbicide treatments at two time points; 30 unique points of comparison for each of the differential gene
expression analysis methods is shown with the corresponding R2 value; A. DESeq2, B. edgeR, C. Cufflinks.
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Figure 4.3. Functionally grouped biological process
GO terms specific for horseweed genes upregulated by
2,4-D, dicamba, and halauxifen-methyl at 1 HAT. The
node size represents the term enrichment significance.
Node labels are described in Appendix A.2.
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Figure 4.4. Functionally grouped biological process GO terms specific for horseweed genes
upregulated by 2,4-D, dicamba, and halauxifen-methyl at 6 HAT. The node size represents
the term enrichment significance. Node labels are described in Appendix A.2.
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Figure 4.5. Functionally grouped biological process GO terms specific for horseweed genes
downregulated by 2,4-D, dicamba, and halauxifen-methyl at 6 HAT. The node size
represents the term enrichment significance. Node labels are described in Appendix A.2.
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AUXIN HERBICIDES TRIGGER ABSCISIC ACID
BIOSYNTHESIS INDEPENDENTLY OF TURGOR OR
ETHYLENE

5.1

Introduction

Synthetic auxin herbicides have been used for over 70 years and are particularly notable
for their lethal specificity of dicotyledonous plant species. The synthetic auxin herbicide
group includes over 18 unique active compounds that have been used extensively in rightsof-ways, landscape management, and production agriculture, but the specific biochemical
pathways and the sequence of activity that comprise the overall herbicide mode of action
remains highly speculative (Grossmann 2010). The fundamental pathway of auxin action
begins with recognition by the redundant Transport Inhibitor Response 1 (TIR1)/Auxin
Signaling F-BOX (AFB) receptor family (Dharmasiri et al. 2005, Kepinski and Leyser
2005). The subsequent ubiquitination of Aux/IAA transcriptional repressors and auxininduced transient gene expression has been well-summarized as a normal process within
plant growth and development (Woodward and Bartel 2005). Synthetic auxin herbicides,
with structural similarities to the principal naturally-occurring auxin, indole-3-acetic acid
(IAA), exploit this process. When applied at herbicidal doses, synthetic auxin herbicides
can result in plant death and it is assumed, but not documented, that these herbicides elicit
the same genetic or physiological response across plant species. The first report of an
auxin-induced transcriptome that included six unique auxin compounds including 2,4-D
and dicamba was documented in etiolated Arabidopsis seedlings (Pufky et al. 2003).
Additional work investigating auxin-inducible genes has been described in Arabidopsis
and the genes involved in this response are complex and represent nearly all aspects of
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plant growth and development (Paponov et al. 2008). Among these auxin-induced genes
are those associated with the metabolism and signaling of other plant hormones; abscisic
acid (ABA) and ethylene have since been identified as key players in the elicitation of the
auxin herbicide response (Grossmann 2010).
Abscisic acid (ABA) is an endogenous phytohormone that is involved in many
plant development processes including seed maturation, root growth, and senescence. In
addition, ABA plays an active role in restricting plant water loss via stomatal closure
(Mittelheuser and Van Steveninck 1969). Scheltrup and Grossmann (1995) first reported
ABA accumulation in cleavers (Galium aparine L.) following exposure to quinmerac, a
synthetic auxin compound, and hypothesized that subsequent stomatal closure was a direct
response to increased ABA accumulation. Further work with cleavers concluded that
exogenous IAA activates 9-cis-epoxycarotenoid dioxygenase (NCED) gene expression
which leads to increased ABA biosynthesis (Kraft et al. 2007). The enzyme NCED
catalyzes the rate-limiting step in the ABA biosynthetic pathway (Qin and Zeevaart 1999).
In the same study, increased expression of 1-aminocyclopropane-1-carboxylate synthase
(ACS), the enzyme responsible for catalyzing the rate-limiting step in the ethylene
biosynthetic pathway, was also upregulated increasing ethylene levels following IAA
treatment. These observations led Kraft et al. (2007) to hypothesize that auxin-induced
ethylene upregulates NCED expression. There is some evidence supporting this hypothesis
from work in other species, with the upregulation of NCED 1 h after 2,4-D treatment
reported in a microarray experiment in Arabidopsis (Raghavan et al. 2005) while the
upregulation of ACS, has been documented following the application of the synthetic auxin
herbicide dicamba (Gleason et al. 2011, Pettinga et al. 2017). However, not all published
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research confirms the hypothesis of Kraft et al. (2007). Raghavan et al. (2006) found no
increase in ACS expression in Arabidopsis after a high level of 2,4-D treatment (0.1 or 1.0
mM), but noted the activation of ethylene biosynthesis genes at lower 2,4-D concentrations.
These conflicting reports indicate the further work is required to establish a valid model
for auxin herbicide action.
The extensive application and mismanagement of herbicides across nearly all
cropping systems has led to the proliferation of herbicide-resistant weed biotypes. Of
particular interest, the evolution and spread of horseweed resistant to glyphosate and
acetolactate synthase (ALS)-inhibiting herbicides have limited post-emergence control
options (Heap 2018, Kruger et al. 2009, VanGessel 2001). Consequently the auxin
herbicides 2,4-D and dicamba, are widely used in production agriculture to control
herbicide-resistant horseweed. Halauxifen-methyl is the first arylpicolinate auxin
chemistry to be commercialized and will be used to manage existing broadleaf weed
species prior to planting soybean (Glycine max (L.) Merr.). Horseweed resistant to a
synthetic auxin herbicide has not been documented, but evidence of decreased sensitivity
of horseweed biotypes to 2,4-D in Missouri have been described (Oseland et al. 2018).
This research was conducted to comprehensively test the theory that auxin
herbicides trigger the biosynthesis of ABA via the hormone ethylene (Kraft et al 2007).
Horseweed was utilized as a model for this study because it is a problematic weedy species
and a recent study (described in Chapter 4) has found that auxin application triggers the
increased expression of NCED. To investigate the auxin herbicide mode of action…The
objective of this research was to quantify ABA and ethylene levels, NCED gene expression,
and leaf water status after the foliar application 2,4-D, dicamba, and halauxifen-methyl.
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5.2
5.2.1

Materials and Methods
Plant Growth Conditions

Horseweed seed collected from Brookston, IN (40.59ºN, 86.76ºW) were sown onto
commercial potting media (Sun Gro Propagation Mix, Sun Gro Horticulture) in 25- by 50cm plastic flats. Upon initial watering, seeds were incorporated into the media. The
greenhouse temperature was maintained between 23 and 29 C; supplemental light (1,100
µmol m-2 s-1 photon flux density) was provided with high pressure sodium bulbs set to a
16-h photoperiod. Once seedlings reached the three- to five-leaf stage, individual plants
were transplanted into 100-cm2 pots containing the same commercial potting media. Plants
were watered as needed and fertilized weekly (Jack’s Professional 20-20-20, JR Peters Inc).
Treatments included commercially labeled field rates of 2,4-D dimethylamine salt
(Weedar® 64, Nufarm Inc.), dicamba diglycolamine salt (Clarity®, BASF Corporation),
and halauxifen-methyl (Arylex™ active, Dow AgroSciences LLC) at 560, 280, and 5 g ae
ha-1, respectively, in addition to a water-only treatment that served as the control. A
nonionic surfactant (NIS) (Activator-90, Loveland Products) was added at 0.25% v/v to all
treatments including the control. Herbicide applications were made to 6- to 10-cm rosettes
using a single-nozzle track-mounted sprayer with a single flat fan XR 8002E nozzle
calibrated to deliver 140 L ha-1.
5.2.2

RNA Extraction and qRT-PCR Analysis

At 1 and 6 h after treatment (HAT), a single leaf was excised from each plant and flash
frozen in liquid nitrogen. Leaf tissue was pulverized in a lysis buffer with βmercaptoethanol, total RNA was extracted according to the RNeasy Plant Mini Kit protocol
with slight modifications (Qiagen cat. no. 74904). To ensure removal of genomic DNA,
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total RNA was subjected to a RNA Clean & Concentrator kit (Zymo Research cat. no.
R1013). cDNA was generated using SuperScript IV reverse transcriptase (Invitrogen cat.
no. 18090050) using Oligo(dT)20 primers (Invitrogen cat. no. 18418-020). Primers were
designed using Primer3Plus and prfectBLAST (Santiago-Sotelo and Ramirez-Prado 2012).
5.2.3

ABA Extraction and Quantification

Foliar ABA was extracted from leaf tissue collected 1 and 6 HAT. The experimental design
included three replications where a replicate represents a different sprayed plant.
Approximately 0.2 g leaf tissue was collected and immediately weighed (±0.0001 g fresh
weight). Fresh leaf tissue was chopped with scissors into a 50-mL centrifuge tube and
covered with 8- to 10-mL of cold (-20 C) 80% (v/v) methanol in water supplemented with
2,6-di-tert-butyl-4-methylphenol (BHT) (Sigma-Aldrich, catalog number: B1378).
Samples were stored overnight at -20C and homogenized the following day. Following
homogenization, 15 µL of 1 ng µL-1 [2H6] ABA solution was added as an internal standard
to each tube and samples were stored at 4C for 24 h. An aliquot of approximately 3 mL
was removed from each tube, taking care to not disturb the settled pellet, and added to an
opaque scintillation vial. Samples were dried to completeness under a vacuum at 37C. ABA
was resuspended in 120 µL of 2% acetic acid (v/v); the acetic acid solution was used to
carefully wash the inside of the vial, taking care not to disturb any settled particulates. All
liquid was removed and centrifuged in a separate tube for 3 min at 1500 rpm. A 50-µL
aliquot was analyzed using ultraperformance liquid chromatography according to methods
by McAdam (2015) for ABA quantification.
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5.2.4

Leaf Water Potential Quantification

A fully mature leaf was carefully excised 1 and 6 HAT with a razor blade and immediately
wrapped in a damp paper towel and placed into a sealed plastic bag. Leaf water potential
was measured using a Scholander pressure chamber and microscope to accurately
determine the pressure when water became visible exuding through the xylem. The
experimental design included three replications where a replicate represents a different
sprayed plant.
5.2.5

Ethylene Evolution Quantification

Horseweed rosettes were grown according to the greenhouse growth conditions described
above. Individual plants were removed from the flat and roots in soil of four plants were
wrapped in aluminum foil to maintain plant moisture and vigor throughout the experiment
and sprayed with the 2,4-D, dicamba, halauxifen-methyl, and water as described above.
After application, eight treated plants were placed into 20-mL glass vials with metal caps
(Agilent, Santa Clara, CA catalog # 5188-2759) and sealed with a septa (Macherey-Nagel,
Bethlehem, PA catalog #702110). An internal standard of 1 µL of acetylene was manually
injected into each treatment vial. At 1, 6, and 24 HAT, a 5-mL sample of gas was taken
from each treatment vial and ethylene was measured with an gas chromatograph (Agilent
7890, Agilent Technologies) equipped with a flame ionization detector and a HayeSep N
80/100 mesh silcosteel 4’ x 1/16” column (Agilent Technologies). The injector temperature
was 126 C and helium carrier gas flow was set to 40 mL min-1. After analysis, the fresh
weight (FW) of treated plant material was measured and ethylene evolution was expressed
on a per g FW basis. The experimental design included three replications where a replicate
represents eight treated plants placed into a single vial.
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5.2.6

Statistical Analysis

For pairwise comparisons of plant hormone amounts and leaf water potential data,
Student’s t-tests were performed using R version 3.4.1 (R Core Team, Vienna, Austria).

5.3
5.3.1

Results and Discussion
ABA

Consistent upregulation of NCED across all synthetic herbicide treatments relative to the
water treatment at 1 and 6 HAT agrees with previous research and is more thoroughly
described in Chapter 4 (Table 5.1). Despite increases in the expression of NCED there was
no change in ABA level at 1 HAT. At 6 HAT, there was a significant increase in ABA
levels in the treated leaves compared to the water treatment (Figure 5.1). The dicamba
treatment resulted in the highest ABA level of 76.2 ng g-1, while plants treated with 2,4-D
and halauxifen-methyl accumulated less ABA with levels of 47.6 and 56.8 ng g-1,
respectively. The delay in ABA accumulation following increased NCED expression may
indicate a lag because of limited expression in the genes responsible for catalyzing the
downstream steps in the ABA biosynthetic pathway. This is in accordance with previous
research on hydroponically-grown cleavers that reported increased NCED gene expression
prior to ABA accumulation following IAA treatment (Kraft et al. 2007).
5.3.2

Leaf Water Potential

Upregulation of NCED is known to be driven by a drop in leaf turgor (McAdam et al. 2016,
Sussmilch et al. 2017). Thus, treatment with synthetic auxin herbicides should result in a
change in tugor pressure to cause an upregulation of NCED. However, there was no
consistent change in leaf water potential at 1, 6, or 72 HAT in horseweed after synthetic
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auxin herbicide application (Figure 5.2). The less negative leaf water potential observed
following dicamba treatment at 6 HAT is not present at 72 HAT and likely represents
variability in the data, and is not sufficient to result in a loss in leaf turgor. At 72 HAT, leaf
water potential was less negative following halauxifen-methyl treatment compared to
control plants. These results suggest that the auxin-induced increase in NCED expression
are independent of a drop in leaf turgor, which is the main trigger for NCED expression
and ABA biosynthesis at high vapor pressure deficit or during soil drought (McAdam et al.
2016, Qin and Zeevaart 1999).
5.3.3

Ethylene

Ethylene is believed to be the intermediate between auxin and NCED expression according
to Kraft et al. (2007). However, we found that at 6 HAT there was no significant increase
in ethylene evolution from horseweed rosettes treated with 2,4-D, dicamba, or halauxifenmethyl compared to the control (Figure 5.3). This result contrasts the theory of Kraft et al.
(2007) based on observations in cleavers which displayed a substantial increase in ethylene
evolution within 2 HAT. At 24 HAT, horseweed rosettes treated with 2,4-D and dicamba
produced 6.2 and 5.6 nmol ethylene g-1 min-1, respectively, compared to 1.3 nmol ethylene
g-1 min-1 produced in the control plants (Figure 5.3). There was no increase in ethylene
evolution following the foliar application of halauxifen-methyl; this result suggests a
differential response of horseweed to the arylpicolinate chemistry compared to 2,4-D and
dicamba. Transcriptome data described in Chapter 4 concluded no increase in ACS
expression for any herbicide treatment at 1 HAT and nominal upregulation (log2FC less
than 1.4 compared to control) at 6 HAT. Research into alternative methods of increased
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ethylene synthesis, aside from increased expression of ACS, such as post-translational
modification have been considered (Kraft et al. 2007, Tan et al. 2003).
Based on these results, we suggest a new model in which synthetic auxin herbicides
directly upregulate NCED expression in a manner independent of ethylene levels or leaf
turgor. Perhaps direct gene activation following degradation of Aux/IAA transcriptional
repressors is a key step in the synthetic auxin herbicide mode of action. This is different
from the upregulation of ABA levels in response to water stress that is known to trigger
stomatal closure in which NCED is upregulated by a drop in leaf turgor. Zhao et al. (2016)
also described an ethylene-independent process of ABA biosynthesis involving the
activation of sucrose nonfermenting 1-related protein kinase 2s (SnRK2s) that is implicated
in senescence.
Research has documented the physiological role of ABA-induced senescence under
stress conditions or as a function of developmental stage (Lim et al. 2007), but results
illustrated in this study show the herbicide-treated plants are not under water stress and the
rosette vegetative stage is not suspect for natural plant death. Perhaps the auxin herbicides
act to bypass the requirement of drought or other environmental stress conditions to trigger
ABA biosynthesis and initialize the cascade leading to plant death.
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Table 5.1. Relative expression levels of 9-cis-epoxycarotenoid dioxygenase
(NCED) in horseweed leaves treated with synthetic auxin herbicides
compared to water-only treatment as predicted by qRT-PCR and RNA-Seq.
Time point

Herbicide

qRT-PCR

RNA-Seq

------------------Log2FC----------------1 HATa

6 HAT

a

2,4-D

4.1

4.5

Dicamba

3.3

4.7

Halauxifen-methyl

2.1

2.5

2,4-D

5.6

3.9

Dicamba

3.9

2.9

Halauxifen-methyl

4.3

2.6

HAT denotes hours after treatment

ABA (ng g-1)
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Figure 5.1. Changes in ABA concentration in horseweed leaves 1 and 6 HAT following
foliar application of synthetic auxin herbicides. Data represents the mean of three replicates
± SE. A ‘*’ denotes significant difference in value compared to water (control) within the
same time point according to the Student’s t-test (α=0.05).
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Figure 5.2. Leaf water potential of horseweed leaves 1, 6, and 72 hours after treatment
(HAT) with synthetic auxin herbicides. Data represents the mean of three replicates ± SE.
A ‘*’ denotes significant difference in value compared to water (control) within the same
time point according to the Student’s t-test (α=0.05).

Ethylene (nmol g FW-1 min-1)
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Figure 5.3. Ethylene evolution from horseweed leaves 6 and 24 hours after treatment
(HAT) with synthetic auxin herbicides. Data represents the mean of three replicates ± SE.
A ‘*’ denotes significant difference in value compared to water (control) within the same
time point according to the Student’s t-test (α=0.05).
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CONCLUSIONS

The research presented in this dissertation utilized a diversified approach in the field,
greenhouse, and laboratory to investigate 2,4-D, dicamba, and halauxifen-methyl action in
horseweed (Erigeron canadensis). Field and greenhouse studies focused on comparing the
activity of halauxifen-methyl to the current auxin standards 2,4-D and dicamba.
Laboratory-based and computational efforts investigated the genes and biological
processes involved in the auxin herbicide mode of action.
The field experiment described in Chapter 2 describes the influence of glyphosateresistant horseweed height on the efficacy of each auxin compound studied. At comparable
use rates, halauxifen-methyl and dicamba were equally efficacious, controlling horseweed
up to 19 and 17 cm in height, respectively. Given the low field use rate of halauxifenmethyl, 5 g ae ha-1, compared with 280 g ha-1 for dicamba, this first result illustrates the
high level of activity of halauxifen-methyl on horseweed. The 560 g ha-1 2,4-D treatment
did not result in control at any horseweed height. Greenhouse and agar-based root
inhibition assays reported in Chapter 3 further characterizes the response of horseweed to
2,4-D, dicamba, and halauxifen-methyl under controlled environmental conditions and
support the observations from Chapter 2. A diflufenzopyr tank-mixture study determined
that the activity of the auxin synergist is not only complementary to dicamba activity, but
the addition of diflufenzopyr to 2,4-D can result in herbicide synergy as well. The lack of
synergy observed between diflufenzopyr and halauxifen-methyl further differentiates
halauxifen-methyl from dicamba and 2,4-D. Two important practical weed management
implications are resolved based on results from these studies. First, for all auxin herbicides
tested, taller weeds are more difficult to control compared with shorter weeds. Second,
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halauxifen-methyl, even with its low field use rate, controls horseweed equivalent to
dicamba and results in a higher level of control than 2,4-D. Thus, halauxifen-methyl either
moves more rapidly within the leaf to interact with the auxin receptors, has a higher affinity
for the auxin receptors, or is metabolized at a slower rate to provide a high level of activity
at such a low rate. Perhaps the preferred auxin receptor bound by halauxifen-methyl is
more effective at eliciting a herbicidal effect than those typically bound by 2,4-D or
dicamba. The larger molecular size and decreased water solubility of halauxifen-methyl
compared with 2,4-D and dicamba complicates any difference in absorption that may
contribute to differential activity. Future studies should include tank mixtures of auxin
herbicides to observe any complementary action of these active ingredients on horseweed
at different heights. Additionally, the tangible findings related to the influence of
horseweed height on herbicide efficacy have already and will continue to aid growers in
making the most informed horseweed management decisions.
Chapter 4 approaches the auxin herbicide response from a different perspective,
one that uses molecular biology, bioinformatics, and physiology to explore the action of
the 2,4-D, dicamba, and halauxifen-methyl. The objective of Chapter 4, to investigate the
transcriptome induced by synthetic auxin herbicides, focused on the similarities induced
by each active ingredient. Many genes involved in auxin response were upregulated in all
herbicide treatments at 1 hour after treatment (HAT); this is the first evidence that 2,4-D,
dicamba, and halauxifen-methyl are recognized and have initiated the herbicide response
in horseweed within an hour after foliar application. Only 70 genes were differentially
expressed at 1 HAT for halauxifen-methyl, compared with 488 and 753 for 2,4-D and
dicamba, respectively. Together with the lack of any downregulated genes at the early time
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point, this suggests that there may be a delay in the onset of halauxifen-methyl activity
compared with 2,4-D or dicamba, possibly due to differences in absorption or translocation
to the active site. At 6 HAT, 734 genes were upregulated by all three auxin herbicides,
many of which are involved in metabolism, hormone signaling, and gene expression.
Additionally, all three herbicides resulted in the downregulation of 516 genes, many
involved in photosynthesis or response to hormone at the later time point. While the auxin
compounds from different chemical families resulted in a similar phenotypic and
transcriptomic response in horseweed, differences still exist. The vast data set generated
from the transcriptomic effort will continue to be a resource for future work on the gene
expression profiles uniquely induced by each active ingredient. A fine-tuned pathway
analysis, particularly related to the interaction with other plant hormones, and identification
of key genes involved in upstream regulation will further differentiate herbicide action
among the chemical families and provide more insight into this complex mode of action.
Additional studies investigating the role of individual receptors within the TIR1/AFB
receptor family, such as RNAi knock-down or mutant analyses, should be conducted to
discern the role of receptor specificity in the herbicide response.
The observations from Chapter 4, particularly the upregulation of NCED, the ratelimiting step in ABA biosynthesis, prompted the research efforts described in Chapter 5
that investigate the physiological response predicted by the increased gene expression. As
predicted by increase expression of NCED in all herbicide treatments, ABA biosynthesis
increased as well. Interestingly, auxin herbicides directly upregulated NCED expression
and ABA accumulation in a manner independent from ethylene biosynthesis. These results
suggest that ABA, but not necessarily ethylene, is a key player in initial auxin response as

128
summarized in Figure 6.1. The increase in ethylene evolution following 2,4-D and dicamba,
but not halauxifen-methyl, treatment at 24 HAT, is an unexpected result that needs to be
addressed in subsequent studies. While the time to final herbicide efficacy was consistent
for all auxin herbicides under controlled environmental conditions in the greenhouse,
slower tissue necrosis was observed with halauxifen-methyl in the field experiment.
Perhaps this delay in ethylene production resulted in prolonged herbicidal effects on plant
physiology prior to plant death or indicates divergent action of halauxifen-methyl from 2,4D and dicamba. Quantification of ABA and ethylene at later time points and following
sublethal application rates of these herbicides is necessary to further characterize the
involvement of these hormones in the auxin herbicide response. Future work should also
include a comparison of NCED expression and ABA quantification in horseweed
populations with decreased sensitivity to auxin herbicides to investigate the potential
resistance mechanism.
By bridging the disciplines of applied agriculture, molecular biology, and
computational bioinformatics, conclusions made from this research are uniquely
comprehensive in addressing the auxin herbicide response in horseweed. When
considering the increased incidence of glyphosate resistance in weed species following the
adoption of glyphosate-resistant crop technologies, it is discouraging to predict how
resistance to synthetic auxins may evolve as herbicide use patterns change. However, the
findings in this research suggest that synthetic auxins herbicides are not all created equal,
particularly in controlling horseweed. This complex plant response may contribute to the
selectivity across plant species and the specific activity of these herbicides within
individual species. Furthermore, this diversity in plant response holds the potential that the
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evolution of resistant weeds may be specific to individual auxin herbicides or chemical
families instead of broad resistance across all auxin herbicides.
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?

Figure 6.1. Theoretical model of the auxin pathway in Erigeron canadensis depicting the
cascade of complex processes after auxin treatment. After foliar application of 2,4-D,
dicamba, and halauxifen-methyl at lethal rates of 560, 280, and 5 g ha-1, respectively,
increased expression of NCED and subsequent increase of ABA concentration in the leaf
occurred. Increased ethylene evolution was observed following the 2,4-D and dicamba
treatment, but not following halauxifen-methyl treatment. Adapted and revised from
Grossmann 2010.
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APPENDIX A.1

Mapping statistics of transcriptome sequencing of 32 horseweed leaf samples. The first
letter of the Sample ID indicates the treatment (D=Dicamba, H=Halauxifen-methyl, T=2,4D, and W=Water), the second letter indicates the time point (E=1 HAT, L=6 HAT), and
the first number indicates the replicate.

Sample ID

Total PE
Reads

QC passed
PE Reads

DE1_1.fastq

48,214,670

48,195,783

DE1_2.fastq

48,214,670

48,142,446

DE2_1.fastq

43,277,927

43,259,528

DE2_2.fastq

43,277,927

43,228,701

DE3_1.fastq

46,245,538

46,221,333

DE3_2.fastq

46,245,538

46,174,177

DE4_1.fastq

40,937,445

40,924,130

DE4_2.fastq

40,937,445

40,891,048

DL1_1.fastq

36,750,941

36,739,168

DL1_2.fastq

36,750,941

36,694,571

DL2_1.fastq

45,944,049

45,904,534

DL2_2.fastq

45,944,049

45,852,831

DL3_1.fastq

33,712,261

33,698,247

DL3_2.fastq

33,712,261

33,647,698

DL4_1.fastq

43,257,202

43,245,271

DL4_2.fastq

43,257,202

43,199,798

HE1_1.fastq

31,370,071

31,362,497

HE1_2.fastq

31,370,071

31,346,121

HE2_1.fastq

47,264,931

47,242,757

HE2_2.fastq

47,264,931

47,213,019

HE3_1.fastq

43,647,456

43,626,646

HE3_2.fastq

43,647,456

43,589,885

HE4_1.fastq

41,328,752

41,304,222

HE4_2.fastq

41,328,752

41,257,517

HL1_1.fastq

41,908,704

41,894,263

HL1_2.fastq

41,908,704

41,869,901

HL2_1.fastq

55,535,109

55,518,049

HL2_2.fastq

55,535,109

55,470,768

Reads Used
In Mapping

Total Reads
Mapped

Overall
Mapping
Rate

% Mapped
Reads
Assigned to
Genes

96,251,306

67,900,186

70.54

62.07

86,423,406

63,994,484

74.05

62.70

92,305,360

70,485,957

76.36

60.15

81,759,876

58,784,626

71.90

62.13

73,367,844

55,073,742

75.07

60.90

91,647,472

68,201,069

74.42

57.15

67,268,020

44,881,599

66.72

63.08

86,377,348

64,803,622

75.02

60.01

62,679,086

47,964,458

76.52

60.78

94,386,336

71,104,756

75.33

59.98

87,142,850

65,442,194

75.10

60.62

82,470,648

59,913,818

72.65

60.20

83,713,276

61,798,858

73.82

60.78

110,909,004

82,807,785

74.66

56.49
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HL3_1.fastq

30,771,275

30,758,131

HL3_2.fastq

30,771,275

30,728,167

HL4_1.fastq

40,337,486

40,314,640

HL4_2.fastq

40,337,486

40,270,945

TE1_1.fastq

42,856,301

42,844,152

TE1_2.fastq

42,856,301

42,813,824

TE2_1.fastq

47,216,774

47,198,429

TE2_2.fastq

47,216,774

47,154,948

TE3_1.fastq

61,895,157

61,870,735

TE3_2.fastq

61,895,157

61,826,528

TE4_1.fastq

34,971,467

34,952,857

TE4_2.fastq

34,971,467

34,907,454

TL1_1.fastq

36,283,515

36,273,380

TL1_2.fastq

36,283,515

36,236,412

TL2_1.fastq

43,398,458

43,373,513

TL2_2.fastq

43,398,458

43,319,193

TL3_1.fastq

37,693,393

37,668,560

TL3_2.fastq

37,693,393

37,604,735

TL4_1.fastq

39,027,020

38,998,574

TL4_2.fastq

39,027,020

38,928,043

WE1_1.fastq

37,332,228

37,320,976

WE1_2.fastq

37,332,228

37,292,177

WE2_1.fastq

31,504,072

31,487,603

WE2_2.fastq

31,504,072

31,467,298

WE3_1.fastq

27,427,218

27,416,216

WE3_2.fastq

27,427,218

27,398,591

WE4_1.fastq

33,345,272

33,333,002

WE4_2.fastq

33,345,272

33,318,294

WL1_1.fastq

41,809,361

41,795,883

WL1_2.fastq

41,809,361

41,740,045

WL2_1.fastq

45,085,407

45,065,659

WL2_2.fastq

45,085,407

45,029,555

WL3_1.fastq

37,799,578

37,782,739

WL3_2.fastq

37,799,578

37,742,449

WL4_1.fastq

34,881,233

34,871,233

WL4_2.fastq

34,881,233

34,848,727

61,430,866

45,770,753

74.51

60.57

80,498,232

60,851,780

75.59

59.40

85,609,214

63,355,770

74.01

62.80

94,279,974

66,453,692

70.49

62.97

123,608,220

93,860,612

75.93

62.03

69,780,124

50,650,190

72.59

62.71

72,453,930

53,989,880

74.52

61.73

86,602,532

62,598,349

72.28

61.30

75,165,156

54,085,558

71.96

62.57

77,809,878

56,050,438

72.04

61.43

74,563,720

55,512,211

74.45

62.40

62,905,670

46,789,742

74.38

61.58

54,778,264

40,935,813

74.73

61.51

66,613,656

51,516,544

77.34

60.98

83,456,836

63,378,573

75.94

59.90

90,026,164

68,256,344

75.82

60.45

75,455,092

56,810,796

75.29

59.30

69,678,914

52,610,248

75.50

62.10
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APPENDIX A.2

Biological process GO terms specific for horseweed genes consistently regulated by 2,4D, dicamba, and halauxifen-methyl at 1 and 6 HAT. There were no downregulated terms
at 1 HAT.
Benjamini-Hochberg adjusted p-value (α=0.05).
Percentage of genes mapped to the GO term compared to all genes associated with the
term.
Adjusted Genes Genes
GOID
GOTerm
P-valuea
(%)b
(#)
Associated Genes
Upregulated at 1 HAT
a

b

GO:0009733

response to auxin

0.000000

7

11

GO:0009734

auxin-activated
signaling pathway

0.000000

10

8

[ARF16, AT1G69160,
AT2G21210, AT3G13980,
AT4G38840, ATAUX2-11,
GH3.1, IAA13, IAA29,
SAUR22, SHY2]
[ARF16, AT1G69160,
AT3G13980, ATAUX2-11,
IAA13, IAA29, SAUR22,
SHY2]

Upregulated at 6 HAT
GO:0009725

response to hormone

0.000000

15

110

[AAE3, AATP1, ABCG40,
ABF2, ABF4, ACC1, ACO3,
ACS6, ALDH7B4, APS2,
ARF19, AT1G62660,
AT1G69160, AT1G75580,
AT2G17500, AT2G21210,
AT2G25070, AT2G30020,
AT2G37030, AT2G44060,
AT3G12955, AT3G13980,
AT3G51450, AT4G13620,
AT4G38840, AT5G14920,
AT5G52020, AT5G61890,
ATAF1, ATAF2, ATAUX211, BLH1, BRH1, BSK1,
BSK5, BSL1, BZR1, C2,
CBL9, CP1, CPK5, CRF10,
CRF4, CTR1, ChiC, D6PKL2,
DEAR2, DFL1, DOR, EBF2,
EIN2, ERD10, ERF-1, ERF1,
ERF13, ERF9, ESE3, ETR2,
ETT, EXO, FER, GA3OX1,
GH3.1, GP ALPHA 1, HAI2,
HB-2, HB-7, HK3, HK5,
IAA13, IAA29, IAA9, ILL6,
IP5PII, JAZ1, JAZ10, JAZ6,
LAX2, MAKR6, MYB15,
MYB73, MYB77, MYB78,
NAC083, PAD4, PAP1, PIF3,

134

GO:0009755

hormone-mediated
signaling pathway

0.000000

19

69

GO:0010033

response to organic
substance

0.000000

13

120

PIN4, PRE5, RAN1, RAP2.7,
RAV1, RAX2, RD26, RHM1,
Rap2.6L, SHY2, SK32, STZ,
TDR1, THFS, TIFY10B,
TLP1, TPL, TPS10, TT4,
WES1, WRKY6, YLS2,
ZFP7]
[ABF2, ABF4, ARF19,
AT1G62660, AT1G69160,
AT2G17500, AT2G30020,
AT3G13980, AT4G13620,
AT5G14920, AT5G52020,
AT5G61890, ATAF1,
ATAUX2-11, BSK1, BSK5,
BSL1, BZR1, C2, CBL9,
CPK5, CRF10, CRF4, CTR1,
D6PKL2, DEAR2, DFL1,
DOR, EBF2, EIN2, ERF-1,
ERF1, ERF13, ERF9, ESE3,
ETR2, ETT, FER, GA3OX1,
GP ALPHA 1, HAI2, HB-7,
HK3, HK5, IAA13, IAA29,
IAA9, IP5PII, JAZ1, JAZ10,
JAZ6, LAX2, MAKR6,
PAD4, PAP1, PIF3, PIN4,
PRE5, RAN1, RAP2.7,
RAV1, RHM1, Rap2.6L,
SHY2, TDR1, TIFY10B, TPL,
WRKY6, ZFP7]
[AAE3, AATP1, ABCG40,
ABF2, ABF4, ACC1, ACO3,
ACS6, ALDH7B4, APS2,
ARF19, AT1G62660,
AT1G69160, AT1G75580,
AT2G17500, AT2G21210,
AT2G25070, AT2G30020,
AT2G37030, AT2G44060,
AT3G12955, AT3G13980,
AT3G51450, AT4G13620,
AT4G38840, AT5G14920,
AT5G52020, AT5G61890,
ATAF1, ATAF2, ATAUX211, BLH1, BRH1, BSK1,
BSK5, BSL1, BZR1, C2,
CBL9, CP1, CPK5, CRF10,
CRF4, CTR1, ChiC, D6PKL2,
DEAR2, DFL1, DMR6, DOR,
EBF2, EFE, EIN2, ERD10,
ERF-1, ERF1, ERF13, ERF9,
ESE3, ETR2, ETT, EXO,
FER, GA3OX1, GH3.1, GP
ALPHA 1, HAI2, HB-2, HB7, HK3, HK5, IAA13, IAA29,
IAA9, ILL6, IP5PII, JAZ1,
JAZ10, JAZ6, KTI1, LAX2,
MAKR6, MEKK1, MYB15,

135

GO:1901700

response to oxygencontaining compound

0.000000

14

105

GO:0001101

response
chemical

0.000000

15

87

to

acid

MYB73, MYB77, MYB78,
NAC083, NPH3, OPR1,
PAD4, PAP1, PIF3, PIN4,
PRE5, RAN1, RAP2.7,
RAV1, RAX2, RD26, RHM1,
RING1, Rap2.6L, SHY2,
SK32, STZ, SUS3, TDR1,
THFS, TIFY10B, TLP1, TPL,
TPS10, TT4, WAK2, WES1,
WRKY33, WRKY6, YLS2,
ZFP7]
[AATP1, ABCG40, ABF2,
ABF4, ACO3, ACS6,
ALDH7B4, AT1G62660,
AT2G21210, AT2G25070,
AT2G30020, AT2G44060,
AT3G17800, AT3G51450,
AT5G14920, ATAF1,
ATAF2, BLH1, BRH1, BSK1,
BSK5, BSL1, BZR1, C2,
CAMBP25, CBL9, CCD1,
CIPK23, CP1, CPK5, CRK2,
CTR1, ChiC, DMR6, DOR,
EFE, EGY3, EIN2, ERD10,
ERD15, ERF-1, ERF1,
ERF13, EXO, FER, FER4,
GA3OX1, GP ALPHA 1,
HAI2, HB-7, HK3, HK5,
HSP70, ILL6, IP5PII, JAZ1,
JAZ10, JAZ6, KT1, KTI1,
LACS7, MAKR6, MEKK1,
MGL, MYB15, MYB73,
MYB77, MYB78, NAC017,
NAC083, NCED5, NRT1.5,
NRT2.7, OPR1, OPR3, PAD4,
PAL1, PAP1, PIF3, PRE5,
RAV1, RAX2, RD19, RD2,
RD26, RING1, Rap2.6L,
SIP3, SK32, SLAH3, STZ,
SUS3, TDR1, TIFY10B, TPL,
TPS10, TT4, WAK2, WR3,
WRKY33, WRKY6, XDH1,
YLS2, ZFP7, ZIFL1]
[AATP1, ABCG40, ABF2,
ABF4, ACO3, ACS6,
ALDH7B4, AT1G62660,
AT2G25070, AT2G30020,
AT2G44060, AT3G17800,
AT3G51450, AT5G14920,
ATAF1, ATAF2, BLH1,
BSK1, C2, CAMBP25, CBL9,
CCD1, CIPK23, CP1, CPK5,
CRK2, ChiC, DMR6, DOR,
EFE, EIN2, ERD10, ERD15,
ERF1, FER, GA3OX1, GP
ALPHA 1, HAI2, HB-7, HK3,

136

GO:0009723

response to ethylene

0.000000

27

35

GO:0070887

cellular response to
chemical stimulus

0.000000

14

77

GO:0071310

cellular response to
organic substance

0.000000

15

70

HK5, ILL6, IP5PII, JAZ1,
JAZ10, JAZ6, KT1, KTI1,
LACS7, MAKR6, MEKK1,
MGL, MYB15, MYB73,
MYB77, MYB78, NAC083,
NCED5, NRT1.5, NRT2.7,
OPR1, OPR3, PAD4, PAL1,
PAP1, PIF3, PRE5, RAX2,
RD19, RD2, RD26, Rap2.6L,
SIP3, SLAH3, STZ, SUS3,
TIFY10B, TPL, TPS10, TT4,
WAK2, WR3, WRKY33,
XDH1, YLS2, ZFP7, ZIFL1]
[ABCG40, ACS6, APS2,
ARF19, AT3G51450,
AT4G13620, AT5G52020,
AT5G61890, CRF10, CRF4,
CTR1, DEAR2, EBF2, EIN2,
ERF-1, ERF1, ERF13, ERF9,
ESE3, ETR2, FER, HK5,
MYB15, MYB73, MYB77,
PAD4, PAP1, RAN1, RAP2.7,
RAV1, Rap2.6L, TDR1,
TLP1, WRKY6, YLS2]
[ABF2, ABF4, ACS6, ARF19,
AT1G62660, AT1G69160,
AT2G17500, AT2G30020,
AT3G13980, AT4G13620,
AT5G14920, AT5G52020,
AT5G61890, ATAF1,
ATAUX2-11, BOR4, BSK1,
BSK5, BSL1, BZR1, C2,
CBL9, CPK5, CRF10, CRF4,
CTR1, D6PKL2, DEAR2,
DFL1, DOR, EBF2, EFE,
EIN2, ERF-1, ERF1, ERF13,
ERF9, ESE3, ETR2, ETT,
FER, GA3OX1, GP ALPHA
1, GT72B1, HAI2, HB-7,
HK3, HK5, IAA13, IAA29,
IAA9, IP5PII, JAZ1, JAZ10,
JAZ6, LAX2, MAKR6, MGL,
NAC017, NRT2.7, PAD4,
PAP1, PIF3, PIN4, PRE5,
RAN1, RAP2.7, RAV1,
RHM1, Rap2.6L, SHY2,
TDR1, TIFY10B, TPL, TRX1,
WRKY6, ZFP7]
[ABF2, ABF4, ARF19,
AT1G62660, AT1G69160,
AT2G17500, AT2G30020,
AT3G13980, AT4G13620,
AT5G14920, AT5G52020,
AT5G61890, ATAF1,
ATAUX2-11, BSK1, BSK5,
BSL1, BZR1, C2, CBL9,

137

GO:0010035

response to inorganic
substance

0.000000

15

71

GO:0007165

signal transduction

0.000000

13

94

CPK5, CRF10, CRF4, CTR1,
D6PKL2, DEAR2, DFL1,
DOR, EBF2, EFE, EIN2,
ERF-1, ERF1, ERF13, ERF9,
ESE3, ETR2, ETT, FER,
GA3OX1, GP ALPHA 1,
HAI2, HB-7, HK3, HK5,
IAA13, IAA29, IAA9, IP5PII,
JAZ1, JAZ10, JAZ6, LAX2,
MAKR6, PAD4, PAP1, PIF3,
PIN4, PRE5, RAN1, RAP2.7,
RAV1, RHM1, Rap2.6L,
SHY2, TDR1, TIFY10B, TPL,
WRKY6, ZFP7]
[AAE3, AATP1, ABCG40,
ABF2, ABF4, ACO3, ACS6,
AGT2, ALDH7B4,
AT1G60420, AT2G17630,
AT2G44060, AT3G17800,
AT3G60750, AT5G27470,
ATCS, CAD1, CAMBP25,
CBL9, CCD1, CIPK23, CLCD, CRK2, CTR1, DOR,
EGY3, EIN2, ERD10,
ERD15, ETT, FER4, GDH1,
HB-7, HIPP22, HK3, HK5,
HSP70, KT1, KTI1, LACS7,
MEKK1, MGL, MYB15,
MYB73, NAC017, NCED5,
NRAMP3, NRT1.5, NRT2.7,
OPR1, OPR3, OXS3, PAL1,
PAP1, RD19, RD2, RD26,
Rap2.6L, SIP3, SLAH3,
STOP1, STZ, SUS3, THFS,
TT10, WR3, WRKY33,
XDH1, ZIFL1, cICDH,
mtLPD1]
[ABF2, ABF4, APK2B,
ARF19, AT1G62660,
AT1G69160, AT2G17500,
AT2G30020, AT2G34930,
AT3G13980, AT3G23750,
AT3G47570, AT4G13620,
AT5G14920, AT5G52020,
AT5G61890, ATAF1,
ATAUX2-11, BSK1, BSK5,
BSL1, BZR1, C2, CBL9,
CIPK23, CIPK5, CPK5,
CRF10, CRF4, CT-BMY,
CTR1, D6PKL2, DEAR2,
DFL1, DOR, EBF2, EIN2,
ERF-1, ERF1, ERF13, ERF9,
ESE3, ETR2, ETT, FER,
GA3OX1, GP ALPHA 1,
HAI2, HB-2, HB-7, HK3,
HK5, HT1, IAA13, IAA29,

138

GO:0007165

signal transduction

0.000000

13

94

GO:0000160

phosphorelay signal
transduction system

0.000000

27

25

GO:0035556

intracellular
transduction

0.000158

16

36

signal

IAA9, IP5PII, ITN1, JAZ1,
JAZ10, JAZ6, LAX2, LRR
XI-23, MAKR6, MEKK1,
NPH3, PAD4, PAP1, PGIP1,
PIF3, PIN4, PKS2, PLDP1,
PRE5, RAN1, RAP2.7,
RAV1, RAX2, RBOHD,
RHM1, RLP33, RPT2,
Rap2.6L, S6K2, SHY2, SIP3,
STY17, TDR1, TIFY10B,
TPL, UCNL, WAK2,
WRKY6, ZFP7]
[ABF2, ABF4, APK2B,
ARF19, AT1G62660,
AT1G69160, AT2G17500,
AT2G30020, AT2G34930,
AT3G13980, AT3G23750,
AT3G47570, AT4G13620,
AT5G14920, AT5G52020,
AT5G61890, ATAF1,
ATAUX2-11, BSK1, BSK5,
BSL1, BZR1, C2, CBL9,
CIPK23, CIPK5, CPK5,
CRF10, CRF4, CT-BMY,
CTR1, D6PKL2, DEAR2,
DFL1, DOR, EBF2, EIN2,
ERF-1, ERF1, ERF13, ERF9,
ESE3, ETR2, ETT, FER,
GA3OX1, GP ALPHA 1,
HAI2, HB-2, HB-7, HK3,
HK5, HT1, IAA13, IAA29,
IAA9, IP5PII, ITN1, JAZ1,
JAZ10, JAZ6, LAX2, LRR
XI-23, MAKR6, MEKK1,
NPH3, PAD4, PAP1, PGIP1,
PIF3, PIN4, PKS2, PLDP1,
PRE5, RAN1, RAP2.7,
RAV1, RAX2, RBOHD,
RHM1, RLP33, RPT2,
Rap2.6L, S6K2, SHY2, SIP3,
STY17, TDR1, TIFY10B,
TPL, UCNL, WAK2,
WRKY6, ZFP7]
[AT4G13620, AT5G52020,
AT5G61890, CRF10, CRF4,
CTR1, DEAR2, EBF2, EIN2,
ERF-1, ERF1, ERF13, ERF9,
ESE3, ETR2, FER, HK3,
HK5, PAD4, RAN1, RAP2.7,
RAV1, Rap2.6L, TDR1,
WRKY6]
[AT4G13620, AT5G52020,
AT5G61890, CIPK23, CIPK5,
CPK5, CRF10, CRF4, CTR1,
D6PKL2, DEAR2, EBF2,
EIN2, ERF-1, ERF1, ERF13,

139

GO:0009651

response to salt stress

0.000203

15

40

GO:0009733

response to auxin

0.000267

18

29

GO:0006970

response to osmotic
stress

0.000299

14

43

GO:0009414

response to
deprivation

water

0.000343

17

30

GO:0051707

response
organism

other

0.001016

12

59

to

ERF9, ESE3, ETR2, FER,
HK3, HK5, HT1, MEKK1,
PAD4, PLDP1, RAN1,
RAP2.7, RAV1, Rap2.6L,
S6K2, SIP3, STY17, TDR1,
UCNL, WRKY6]
[AATP1, ABF2, ABF4,
ACO3, ALDH7B4, AOC3,
AT1G03220, AT1G53210,
AT3G23600, AT3G60750,
AT4G37530, AT5G14920,
C2, CAMBP25, CP1, CPL4,
ChiC, EIN2, GDH1, GT72B1,
HB-1, HK3, ITN1, KT1,
KTI1, LACS7, MEKK1,
MYB15, MYB78, NAC083,
PAP1, RD19, Rap2.6L, S6K2,
SIP3, SLAH3, STZ, TPPD,
WRKY33, cICDH]
[ACS6, ARF19, AT1G69160,
AT1G75580, AT2G17500,
AT2G21210, AT2G37030,
AT3G12955, AT3G13980,
AT4G38840, ATAUX2-11,
D6PKL2, DFL1, EIN2, ETT,
GH3.1, HB-2, IAA13, IAA29,
IAA9, LAX2, MYB15, PAP1,
PIN4, RHM1, SHY2, TPL,
TT4, WES1]
[AATP1, ABF2, ABF4,
ACO3, ALDH7B4, AOC3,
AT1G03220, AT1G53210,
AT3G23600, AT3G60750,
AT4G37530, AT5G14920,
BZIP53, C2, CAMBP25, CP1,
CPL4, ChiC, EIN2, GDH1,
GT72B1, HB-1, HK3, ITN1,
KCS2, KT1, KTI1, LACS7,
MEKK1, MYB15, MYB78,
NAC083, PAP1, RBOHD,
RD19, Rap2.6L, S6K2, SIP3,
SLAH3, STZ, TPPD,
WRKY33, cICDH]
[AATP1, ABF2, ABF4,
ALDH7B4, AT2G44060,
CAMBP25, CBL9, CCD1,
CIPK23, DOR, ERD10,
ERD15, HB-7, HK3, KT1,
MGL, MYB15, NCED5,
PAL1, RD19, RD2, RD26,
Rap2.6L, SIP3, SLAH3, STZ,
SUS3, WRKY33, XDH1,
ZIFL1]
[AAE3, ABCG40, ADR1-L1,
AOC3, APS2, AT1G59740,
AT1G62660, AT2G26440,

140

GO:1901362

organic
cyclic
compound
biosynthetic process

0.001339

10

122

AT2G30020, AT2G34930,
AT3G51450, AT5G38030,
AT5G52020, AT5G52450,
AT5G61890, ATAF2,
ATBFRUCT1, BLH1, C2,
CAD1, CAF1b, CES101,
CRK8, CYP81D5, DHS1,
DMR6, EFE, EIN2, ELI3-2,
ERD15, FER, GDU3, HK3,
HK5, HSP70, ILL6, JAZ1,
JAZ10, KTI1, LAX2,
NRAMP3, OPR3, PAD4,
PAP1, PBF1, RBOHD, RD19,
RING1, SDR3, SYTA, TLP1,
TPS10, TPS21, UGT73B3,
UGT73B4, UGT76B1,
WRKY33, YLS2, cICDH]
[ABF2, ABF4, ADT6, AHL1,
APS2, ARF19, AT1G68810,
AT2G38660, AT4G13620,
AT4G25800, AT5G27470,
AT5G28300, AT5G49700,
AT5G51910, AT5G52020,
AT5G57580, AT5G61890,
AT5G66120, ATAF1,
ATAF2, ATAUX2-11,
BBX21, BEE1, BGLU45,
BLH1, BLH7, BZIP53, BZR1,
C4H, CAD1, CAF1b, CIA2,
CNX2, CPL4, CRF10, CRF4,
CYP710A1, CYP722A1,
CYP98A3, DEAR2, DHS1,
ELI3-2, EMB1144, ERF-1,
ERF1, ERF13, ERF9, ESE3,
ESK1, ETT, FBH4, GALK,
GCH, GIF2, GP ALPHA 1,
GT72B1, HB-1, HB-2, HB-7,
HEC1, HSF4, HSP70, IAA13,
IAA29, IAA9, IDD2,
IPK2BETA, JAZ1, JAZ10,
JAZ6, KCS2, LBD16, MBD1,
MYB15, MYB73, MYB77,
MYB78, NAC017, NAC028,
NAC032, NAC083, NAC103,
NPH3, NUDX15, OMT1,
PAD4, PAL1, PAL2, PAP1,
PAT1, PDS1, PIF3, PRE5,
RAP2.7, RAV1, RAX2,
RD26, RHM1, Rap2.6L,
SCL8, SHY2, SMT1, SPT,
STOP1, STZ, TAT7, TDR1,
THFS, TIFY10B, TLP1,
TLP6, TPL, TT10, TT4,
UGE3, UPB1, UPS2, UXS4,
WES1, WRKY33, WRKY6,
ZFP7]

141
GO:0009753

response to jasmonic
acid

0.001395

19

22

GO:0044282

small
molecule
catabolic process

0.002199

21

19

GO:0019438

aromatic
compound
biosynthetic process

0.002329

10

115

GO:0050794

regulation of cellular
process

0.002579

9

166

[ABCG40, ACS6,
AT3G51450, ATAF2, ChiC,
EIN2, ERF1, ILL6, JAZ1,
JAZ10, JAZ6, MYB15,
MYB73, PAD4, PAP1,
RAX2, Rap2.6L, TIFY10B,
TPL, TPS10, TT4, YLS2]
[AAE3, ACX2, AGT2,
AT4G33150, ATGA2OX1,
CSY2, HGO, IBR3, IP5PII,
IVD, MGL, MIOX1, MIOX2,
PAL1, PAL2, PDS1, PMDH1,
TAT7, THA1]
[ABF2, ABF4, ADT6, AHL1,
APS2, ARF19, AT1G68810,
AT2G38660, AT4G13620,
AT4G25800, AT5G27470,
AT5G28300, AT5G49700,
AT5G51910, AT5G52020,
AT5G57580, AT5G61890,
AT5G66120, ATAF1,
ATAF2, ATAUX2-11,
BBX21, BEE1, BGLU45,
BLH1, BLH7, BZIP53, BZR1,
C4H, CAD1, CAF1b, CIA2,
CPL4, CRF10, CRF4,
CYP98A3, DEAR2, DHS1,
ELI3-2, EMB1144, ERF-1,
ERF1, ERF13, ERF9, ESE3,
ESK1, ETT, FBH4, GALK,
GIF2, GP ALPHA 1,
GT72B1, HB-1, HB-2, HB-7,
HEC1, HSF4, HSP70, IAA13,
IAA29, IAA9, IDD2,
IPK2BETA, JAZ1, JAZ10,
JAZ6, KCS2, LBD16, MBD1,
MYB15, MYB73, MYB77,
MYB78, NAC017, NAC028,
NAC032, NAC083, NAC103,
NPH3, NUDX15, OMT1,
PAD4, PAL1, PAL2, PAP1,
PAT1, PIF3, PRE5, RAP2.7,
RAV1, RAX2, RD26, RHM1,
Rap2.6L, SCL8, SHY2, SPT,
STOP1, STZ, TDR1, THFS,
TIFY10B, TLP1, TLP6, TPL,
TT10, TT4, UGE3, UPB1,
UPS2, UXS4, WES1,
WRKY33, WRKY6, ZFP7]
[ABF2, ABF4, AHL1,
APK2B, APS2, ARF19,
ARK3, AT1G60420,
AT1G62660, AT1G68810,
AT1G69160, AT2G17500,
AT2G30020, AT2G34930,
AT2G44130, AT3G13980,

142

GO:0050794

regulation of cellular
process

0.002579

9

166

AT3G23750, AT3G47570,
AT4G13620, AT4G25800,
AT5G10010, AT5G14920,
AT5G28300, AT5G49700,
AT5G51910, AT5G52020,
AT5G57580, AT5G61890,
ATAF1, ATAF2, ATAUX211, BBX21, BEE1, BLH1,
BLH7, BSK1, BSK5, BSL1,
BZIP53, BZR1, C2, CAD1,
CAF1b, CAMBP25, CBL9,
CIA2, CIPK23, CIPK5,
CPK5, CPL4, CRF10, CRF4,
CT-BMY, CTR1, D6PKL2,
DEAR2, DEG7, DFL1, DOR,
EBF2, EIN2, ELF5A-1, ERF1, ERF1, ERF13, ERF9,
ERMO2, ESE3, ESK1, ETR2,
ETT, FBH4, FER, GA3OX1,
GALK, GB2, GIF2, GP
ALPHA 1, GRXC1, HAI2,
HB-1, HB-2, HB-7, HEC1,
HK3, HK5, HSF4, HSP70,
HT1, IAA13, IAA29, IAA9,
IDD2, IP5PII, IPK2BETA,
ITN1, J20, JAZ1, JAZ10,
JAZ6, KING1, KT1, LAX2,
LBD16, LRR XI-23, MAKR6,
MBD1, MC1, MEKK1,
MYB15, MYB73, MYB77,
MYB78, NAC017, NAC028,
NAC032, NAC083, NAC103,
NPH3, NRAMP3, PAD4,
PAP1, PAPS1, PAT1, PGIP1,
PIF3, PIN4, PKS2, PLDP1,
PMDH1, PRE5, RABB1C,
RAN1, RAP2.7, RAV1,
RAX2, RBOHD, RD26,
RHM1, RING1, RLP33,
RPT2, Rap2.6L, S6K2, SCL8,
SHY2, SIP3, SPT, STOP1,
STY17, STZ, TDR1,
TIFY10B, TLP1, TLP6, TPL,
TRM5, TRX1, UCNL, UPB1,
WAK2, WES1, WRKY33,
WRKY6, ZFP7, ZIFL1]
[ABF2, ABF4, AHL1,
APK2B, APS2, ARF19,
ARK3, AT1G60420,
AT1G62660, AT1G68810,
AT1G69160, AT2G17500,
AT2G30020, AT2G34930,
AT2G44130, AT3G13980,
AT3G23750, AT3G47570,
AT4G13620, AT4G25800,
AT5G10010, AT5G14920,

143

GO:0046395

carboxylic
acid
catabolic process

0.002922

23

16

GO:0071229

cellular response to
acid chemical

0.004544

14

34

AT5G28300, AT5G49700,
AT5G51910, AT5G52020,
AT5G57580, AT5G61890,
ATAF1, ATAF2, ATAUX211, BBX21, BEE1, BLH1,
BLH7, BSK1, BSK5, BSL1,
BZIP53, BZR1, C2, CAD1,
CAF1b, CAMBP25, CBL9,
CIA2, CIPK23, CIPK5,
CPK5, CPL4, CRF10, CRF4,
CT-BMY, CTR1, D6PKL2,
DEAR2, DEG7, DFL1, DOR,
EBF2, EIN2, ELF5A-1, ERF1, ERF1, ERF13, ERF9,
ERMO2, ESE3, ESK1, ETR2,
ETT, FBH4, FER, GA3OX1,
GALK, GB2, GIF2, GP
ALPHA 1, GRXC1, HAI2,
HB-1, HB-2, HB-7, HEC1,
HK3, HK5, HSF4, HSP70,
HT1, IAA13, IAA29, IAA9,
IDD2, IP5PII, IPK2BETA,
ITN1, J20, JAZ1, JAZ10,
JAZ6, KING1, KT1, LAX2,
LBD16, LRR XI-23, MAKR6,
MBD1, MC1, MEKK1,
MYB15, MYB73, MYB77,
MYB78, NAC017, NAC028,
NAC032, NAC083, NAC103,
NPH3, NRAMP3, PAD4,
PAP1, PAPS1, PAT1, PGIP1,
PIF3, PIN4, PKS2, PLDP1,
PMDH1, PRE5, RABB1C,
RAN1, RAP2.7, RAV1,
RAX2, RBOHD, RD26,
RHM1, RING1, RLP33,
RPT2, Rap2.6L, S6K2, SCL8,
SHY2, SIP3, SPT, STOP1,
STY17, STZ, TDR1,
TIFY10B, TLP1, TLP6, TPL,
TRM5, TRX1, UCNL, UPB1,
WAK2, WES1, WRKY33,
WRKY6, ZFP7, ZIFL1]
[AAE3, ACX2, AGT2,
AT4G33150, ATGA2OX1,
CSY2, HGO, IBR3, IVD,
MGL, PAL1, PAL2, PDS1,
PMDH1, TAT7, THA1]
[ABF2, ABF4, AT1G62660,
AT2G30020, AT5G14920,
ATAF1, C2, CBL9, CPK5,
DOR, EFE, EIN2, ERF1,
FER, GA3OX1, GP ALPHA
1, HAI2, HB-7, HK3, HK5,
IP5PII, JAZ1, JAZ10, JAZ6,
MAKR6, MGL, NRT2.7,

144

GO:0006355

regulation
transcription,
templated

GO:0033993

GO:0043436

of
DNA-

0.004629

10

87

response to lipid

0.005058

13

47

oxoacid
process

0.005297

11

64

metabolic

PAD4, PAP1, PIF3, PRE5,
TIFY10B, TPL, ZFP7]
[ABF2, ABF4, AHL1,
ARF19, AT1G68810,
AT4G13620, AT4G25800,
AT5G28300, AT5G49700,
AT5G51910, AT5G52020,
AT5G57580, AT5G61890,
ATAF1, ATAF2, ATAUX211, BBX21, BEE1, BLH1,
BLH7, BZIP53, BZR1,
CAF1b, CIA2, CPL4, CRF10,
CRF4, DEAR2, ERF-1, ERF1,
ERF13, ERF9, ESE3, ESK1,
ETT, FBH4, GALK, GIF2,
HB-1, HB-2, HB-7, HEC1,
HSF4, HSP70, IAA13,
IAA29, IAA9, IDD2,
IPK2BETA, JAZ1, JAZ10,
JAZ6, LBD16, MBD1,
MYB15, MYB73, MYB77,
MYB78, NAC017, NAC028,
NAC032, NAC083, NAC103,
NPH3, PAP1, PAT1, PIF3,
PRE5, RAP2.7, RAV1,
RAX2, RD26, Rap2.6L,
SCL8, SHY2, SPT, STOP1,
STZ, TDR1, TIFY10B, TLP1,
TLP6, TPL, UPB1, WRKY33,
WRKY6, ZFP7]
[AATP1, ABF2, ABF4,
ACO3, ALDH7B4,
AT1G62660, AT2G25070,
AT2G30020, AT5G14920,
ATAF1, BLH1, BRH1, BSK1,
BSK5, BSL1, BZR1, C2,
CBL9, CP1, CPK5, ChiC,
DOR, EFE, EIN2, ERD10,
EXO, FER, GA3OX1, GP
ALPHA 1, HAI2, HB-7, HK3,
HK5, IP5PII, MAKR6,
MYB73, MYB78, NAC083,
PIF3, PRE5, RAV1, RAX2,
RD26, Rap2.6L, SK32, STZ,
ZFP7]
[AAE3, ABF4, ACC1, ACO3,
ACX2, ADT6, AGT2, AOC3,
APS2, AT1G68570,
AT2G17630, AT2G38660,
AT4G33150, AT5G08570,
AT5G27470, AT5G52020,
AT5G66120, ATCS,
ATGA2OX1, CAD1,
CAMBP25, CSY2, CTR1,
CYP81D5, D2HGDH, DHS1,
EMB1144, ERF9, FAD2,

145

GO:0009734

auxin-activated
signaling pathway

0.008426

20

17

GO:0006979

response to oxidative
stress

0.011544

15

29

GO:1901701

cellular response to
oxygen-containing
compound

0.011975

13

40

GO:1901606

alpha-amino
acid
catabolic process

0.013156

29

10

GO:0009072

aromatic amino acid
family
metabolic
process

0.014192

27

11

GO:0006558

L-phenylalanine
metabolic process
cellular response to
lipid

0.014883

50

6

0.016522

15

28

GO:0071396

GA3OX1, GDH1, GP ALPHA
1, HGO, IBR3, ILL6, IVD,
J20, KCS11, KCS2, LACS7,
MEE32, MGL, MIOX1,
MIOX2, MYB73, NCED5,
NRT2.7, OPR1, OPR3, PAD4,
PAL1, PAL2, PANC, PDS1,
PMDH1, Rap2.6L, SDRB,
SERAT2;1, TAT7, THA1,
THFS, WR3, ZFP7, cICDH]
[ARF19, AT1G69160,
AT2G17500, AT3G13980,
ATAUX2-11, D6PKL2,
DFL1, EIN2, ETT, IAA13,
IAA29, IAA9, LAX2, PAP1,
PIN4, RHM1, SHY2]
[ABCG40, ACO3, ACS6,
AT3G10020, AT3G17800,
AT4G37530, AT5G16990,
CRK2, DIN10, EGY3, EIN2,
FER4, HK5, HSP70, KTI1,
LACS7, LRR XI-23,
NAC017, OPR3, OXS3,
PAL1, PAL2, PAP1, SIP2,
STZ, TPPD, TRX1, TT4,
XDH1]
[ABF2, ABF4, AT1G62660,
AT2G30020, AT5G14920,
ATAF1, BSK1, BSK5, BSL1,
BZR1, C2, CBL9, CPK5,
CTR1, DOR, EFE, EIN2,
ERF1, FER, GA3OX1, GP
ALPHA 1, HAI2, HB-7, HK3,
HK5, IP5PII, JAZ1, JAZ10,
JAZ6, MAKR6, MGL,
NAC017, NRT2.7, PAD4,
PAP1, PIF3, PRE5, TIFY10B,
TPL, ZFP7]
[AGT2, AT4G33150, HGO,
IVD, MGL, PAL1, PAL2,
PDS1, TAT7, THA1]
[ADT6, APS2, AT5G66120,
DHS1, EMB1144, GP
ALPHA 1, HGO, PAL1,
PAL2, PDS1, TAT7]
[ADT6, GP ALPHA 1, HGO,
PAL1, PAL2, PDS1]
[ABF2, ABF4, AT1G62660,
AT2G30020, AT5G14920,
ATAF1, BSK1, BSK5, BSL1,
BZR1, C2, CBL9, CPK5,
DOR, EFE, EIN2, FER,
GA3OX1, GP ALPHA 1,
HAI2, HB-7, HK3, HK5,

146

GO:0009889

regulation
of
biosynthetic process

0.018768

10

95

GO:2000112

regulation of cellular
macromolecule
biosynthetic process

0.022340

10

90

IP5PII, MAKR6, PIF3, PRE5,
ZFP7]
[ABF2, ABF4, AHL1, APS2,
ARF19, AT1G68810,
AT4G13620, AT4G25800,
AT5G28300, AT5G49700,
AT5G51910, AT5G52020,
AT5G57580, AT5G61890,
ATAF1, ATAF2, ATAUX211, BBX21, BEE1, BLH1,
BLH7, BZIP53, BZR1,
CAF1b, CIA2, CPL4, CRF10,
CRF4, DEAR2, ELF5A-1,
ERF-1, ERF1, ERF13, ERF9,
ERMO2, ESE3, ESK1, ETT,
FBH4, GALK, GIF2, HB-1,
HB-2, HB-7, HEC1, HSF4,
HSP70, IAA13, IAA29, IAA9,
IDD2, IPK2BETA, J20, JAZ1,
JAZ10, JAZ6, LBD16,
MBD1, MYB15, MYB73,
MYB77, MYB78, NAC017,
NAC028, NAC032, NAC083,
NAC103, NPH3, PAD4,
PAP1, PAT1, PIF3, PRE5,
RAP2.7, RAV1, RAX2,
RD26, Rap2.6L, S6K2, SCL8,
SHY2, SPT, STOP1, STZ,
TDR1, TIFY10B, TLP1,
TLP6, TPL, TT4, UPB1,
WES1, WRKY33, WRKY6,
ZFP7]
[ABF2, ABF4, AHL1,
ARF19, AT1G68810,
AT4G13620, AT4G25800,
AT5G28300, AT5G49700,
AT5G51910, AT5G52020,
AT5G57580, AT5G61890,
ATAF1, ATAF2, ATAUX211, BBX21, BEE1, BLH1,
BLH7, BZIP53, BZR1,
CAF1b, CIA2, CPL4, CRF10,
CRF4, DEAR2, ELF5A-1,
ERF-1, ERF1, ERF13, ERF9,
ERMO2, ESE3, ESK1, ETT,
FBH4, GALK, GIF2, HB-1,
HB-2, HB-7, HEC1, HSF4,
HSP70, IAA13, IAA29, IAA9,
IDD2, IPK2BETA, JAZ1,
JAZ10, JAZ6, LBD16,
MBD1, MYB15, MYB73,
MYB77, MYB78, NAC017,
NAC028, NAC032, NAC083,
NAC103, NPH3, PAP1,
PAT1, PIF3, PRE5, RAP2.7,
RAV1, RAX2, RD26,

147

GO:0019219

regulation
of
nucleobase-containing
compound metabolic
process

0.022503

10

88

GO:0032774

RNA
process

0.026354

10

88

biosynthetic

Rap2.6L, S6K2, SCL8, SHY2,
SPT, STOP1, STZ, TDR1,
TIFY10B, TLP1, TLP6, TPL,
UPB1, WRKY33, WRKY6,
ZFP7]
[ABF2, ABF4, AHL1,
ARF19, AT1G68810,
AT4G13620, AT4G25800,
AT5G28300, AT5G49700,
AT5G51910, AT5G52020,
AT5G57580, AT5G61890,
ATAF1, ATAF2, ATAUX211, BBX21, BEE1, BLH1,
BLH7, BZIP53, BZR1,
CAF1b, CIA2, CPL4, CRF10,
CRF4, DEAR2, ERF-1, ERF1,
ERF13, ERF9, ERMO2,
ESE3, ESK1, ETT, FBH4,
GALK, GIF2, HB-1, HB-2,
HB-7, HEC1, HSF4, HSP70,
IAA13, IAA29, IAA9, IDD2,
IPK2BETA, JAZ1, JAZ10,
JAZ6, LBD16, MBD1,
MYB15, MYB73, MYB77,
MYB78, NAC017, NAC028,
NAC032, NAC083, NAC103,
NPH3, PAP1, PAT1, PIF3,
PRE5, RAP2.7, RAV1,
RAX2, RD26, Rap2.6L,
SCL8, SHY2, SPT, STOP1,
STZ, TDR1, TIFY10B, TLP1,
TLP6, TPL, UPB1, WRKY33,
WRKY6, ZFP7]
[ABF2, ABF4, AHL1,
ARF19, AT1G68810,
AT4G13620, AT4G25800,
AT5G27470, AT5G28300,
AT5G49700, AT5G51910,
AT5G52020, AT5G57580,
AT5G61890, ATAF1,
ATAF2, ATAUX2-11,
BBX21, BEE1, BLH1, BLH7,
BZIP53, BZR1, CAF1b,
CIA2, CPL4, CRF10, CRF4,
DEAR2, ERF-1, ERF1,
ERF13, ERF9, ESE3, ESK1,
ETT, FBH4, GALK, GIF2,
HB-1, HB-2, HB-7, HEC1,
HSF4, HSP70, IAA13,
IAA29, IAA9, IDD2,
IPK2BETA, JAZ1, JAZ10,
JAZ6, LBD16, MBD1,
MYB15, MYB73, MYB77,
MYB78, NAC017, NAC028,
NAC032, NAC083, NAC103,
NPH3, PAP1, PAT1, PIF3,
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GO:0009968

negative regulation of
signal transduction

0.027909

25

11

GO:0010200

response to chitin

0.031457

23

12

GO:0009074

aromatic amino acid
family
catabolic
process
defense response

0.033551

56

5

0.035865

11

59

regulation of cellular
metabolic process

0.044445

9

103

GO:0006952

GO:0031323

PRE5, RAP2.7, RAV1,
RAX2, RD26, Rap2.6L,
SCL8, SHY2, SPT, STOP1,
STZ, TDR1, TIFY10B, TLP1,
TLP6, TPL, UPB1, WRKY33,
WRKY6, ZFP7]
[ATAF1, CTR1, DOR, EBF2,
ETR2, FER, GP ALPHA 1,
HAI2, HK5, PAD4, ZFP7]

[AT2G21210, BRH1, ERF-1,
ERF13, MYB15, MYB73,
MYB77, RING1, STZ, TDR1,
WRKY33, WRKY6]
[HGO, PAL1, PAL2, PDS1,
TAT7]
[AAE3, ABCG40, ACS6,
ADR1-L1, APK2B,
AT2G27500, AT2G30020,
AT2G34930, AT3G14470,
AT5G51910, AT5G52020,
AT5G61890, ATBFRUCT1,
C2, CAD1, CAF1b, CES101,
CRK8, CYP81D5, CYP82G1,
DMR6, EFE, EIN2, ERF-1,
ERF1, ERF13, ERF9, FER,
HK3, HK5, ILL6, JAZ1,
JAZ10, JAZ6, KTI1, MC1,
MEKK1, NRAMP3, PAD4,
PAL1, PAL2, PAP1, PAPS1,
PAT1, PBF1, PGIP1,
RBOHD, RD19, RING1,
RLP33, RST1, SDR1, SDR3,
TIFY10B, TLP1, UGT73B3,
UGT76B1, WRKY33,
cICDH]
[ABF2, ABF4, AHL1, APS2,
ARF19, AT1G68810,
AT2G44130, AT4G13620,
AT4G25800, AT5G14920,
AT5G28300, AT5G49700,
AT5G51910, AT5G52020,
AT5G57580, AT5G61890,
ATAF1, ATAF2, ATAUX211, BBX21, BEE1, BLH1,
BLH7, BZIP53, BZR1,
CAD1, CAF1b, CAMBP25,
CIA2, CPL4, CRF10, CRF4,
DEAR2, DEG7, ELF5A-1,
ERF-1, ERF1, ERF13, ERF9,
ERMO2, ESE3, ESK1, ETT,
FBH4, GALK, GIF2, HB-1,
HB-2, HB-7, HEC1, HK3,

149
HSF4, HSP70, IAA13,
IAA29, IAA9, IDD2,
IPK2BETA, J20, JAZ1,
JAZ10, JAZ6, KING1,
LBD16, MBD1, MYB15,
MYB73, MYB77, MYB78,
NAC017, NAC028, NAC032,
NAC083, NAC103, NPH3,
NRAMP3, PAD4, PAP1,
PAT1, PIF3, PMDH1, PRE5,
RAP2.7, RAV1, RAX2,
RD26, Rap2.6L, S6K2, SCL8,
SHY2, SPT, STOP1, STZ,
TDR1, TIFY10B, TLP1,
TLP6, TPL, UPB1, WES1,
WRKY33, WRKY6, ZFP7]

Downregulated at 6 HAT
GO:0015979

photosynthesis

0.000000

31

37

GO:0019684

photosynthesis, light
reaction

0.000000

38

25

GO:0009765

photosynthesis, light
harvesting

0.000000

55

12

GO:0006091

generation of
precursor metabolites
and energy

0.000000

17

30

GO:0018298

protein-chromophore
linkage

0.000002

50

10

[AT1G74470, ATPC1, ATPD,
CA1, CAB1, CAB3, FAD5,
FED A, GUN5, HCEF1,
HCF243, LHB1B1, LHCA3,
LHCA4, LHCB2.1, LHCB2.2,
LHCB3, LHCB4.2, LHCB5,
LHCB6, PETC, PRK, PSAE2, PSAF, PSAH-1, PSAL,
PSAN, PSB28, PSBO2,
PSBP-1, PSBQ-2, PnsB3,
RBCS1B, SBPASE, SIGA,
TROL, ZKT]
[ATPC1, ATPD, CAB1,
CAB3, FAD5, FED A,
HCEF1, HCF243, LHB1B1,
LHCA3, LHCA4, LHCB2.1,
LHCB2.2, LHCB3, LHCB4.2,
LHCB5, LHCB6, PETC,
PSAL, PSAN, PSBO2, PSBP1, PnsB3, TROL, ZKT]
[CAB1, CAB3, LHB1B1,
LHCA3, LHCA4, LHCB2.1,
LHCB2.2, LHCB3, LHCB4.2,
LHCB5, LHCB6, ZKT]
[ADG1, AT3G52990, ATPC1,
ATPD, CAB1, CAB3, FAD5,
FBA2, FED A, FdC1, HCEF1,
HCF243, LHB1B1, LHCA3,
LHCA4, LHCB2.1, LHCB2.2,
LHCB3, LHCB4.2, LHCB5,
LHCB6, PETC, PHS1, PSAL,
PSAN, PSBO2, PSBP-1,
PnsB3, TROL, ZKT]
[CAB1, LHB1B1, LHCA3,
LHCA4, LHCB2.1, LHCB2.2,
LHCB3, LHCB4.2, LHCB5,
LHCB6]
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GO:0009416

response to light
stimulus

0.000051

11

44

GO:0009735

response to cytokinin

0.003575

15

18

GO:0009644

response to high light
intensity

0.003618

25

10

GO:0022900

electron transport
chain

0.004129

22

11

GO:0015995

chlorophyll
biosynthetic process

0.028457

22

9

GO:0009725

response to hormone

0.029934

8

59

GO:0072527

pyrimidine-containing
compound metabolic
process

0.031799

24

8

[ABCB1, ADG1,
AT1G03010, AT1G52770,
BIM1, CAB1, CAB3, CGA1,
COL2, CaS, DWF1, FAD5,
FED A, GATA9, HCF107,
HPR, JAR1, KCS19,
LHB1B1, LHCA3, LHCA4,
LHCB2.1, LHCB2.2, LHCB3,
LHCB4.2, LHCB5, LHCB6,
MYB48, NPQ4, PETC, PHS1,
PORA, PSBO2, RBCS1B,
RCA, RGA1, RPL23AB,
RPT2, RR5, SIGA, TK1a,
ZFP1, ZKT, mtLPD1]
[ADG1, ARR9, AT1G80440,
AT3G26040, ATPD, BIP2,
CAD9, CGA1, HCEF1,
HEME2, KASI, LHCA3,
LHCB4.2, PDE334, PRK,
PSAE-2, RR5, WOL]
[FAD5, LHCA3, LHCA4,
LHCB2.1, LHCB2.2, LHCB3,
PHS1, PSBO2, RPL23AB,
ZKT]
[ATPC1, ATPD, FAD5, FED
A, FdC1, HCEF1, PETC,
PSAN, PSBO2, PnsB3,
TROL]
[AT1G74470, CGA1, CLA1,
GSA2, GUN4, GUN5,
HEMD, HEME2, PORA]
[ABCB1, ABCG40, ADG1,
AFP1, AFP2, AIR3, AIR9,
ARF8, ARR9, AT1G80440,
AT3G26040, AT3G51440,
AT4G30410, ATPD, AUX1,
AtHB23, BIM1, BIP2, CAD9,
CBF4, CGA1, COPT5, EEL,
FBA2, FOLK, GSH2, HCEF1,
HDA6, HEME2, HERK1,
HHP1, HK1, JAR1, KASI,
KT2/3, LHCA3, LHCB2.2,
LHCB3, LHCB4.2, MYB15,
PDE334, PHS1, PIP2;4,
PIP2B, PORA, PRK, PSAE-2,
RAP2.7, RCA, RD22, RGA1,
ROP10, RR5, RVE1, SOT16,
TAR2, TTL1, WOL, ZFP1]
[CLA1, ER, KCO1, PRK,
THI1, THIC, THY-1, TK1a]
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Undergraduate Research Assistant, Plant Pathology Department,
Advisor: Dr. Rebecca Nelson
• Composed literature review and hypothesize genetic role of silk cut and surface wax
layer to F. verticillioides susceptibility
• Tested mechanical properties of maize pericarps and explored a potential association
with fungal resistance
Dow AgroSciences (via Kelly Services)
May - August 2013
Research Assistant, Discovery Biology Weed Management
• Investigated chemical specificity of synthetic auxin compounds in AFB5-1 deficient
Arabidopsis mutants
• Modified past research methods and developed novel protocol for in-vitro assays
• Learned to troubleshoot research methods and suggest potential resolutions
• Dow AgroSciences Discovery Department Intern Poster Session winner
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AWARDS AND SCHOLARSHIPS
•
•
•
•
•
•

Alfred P. Sloan Indigenous Graduate Partnership Fellowship August 2014 – present
Purdue Research Foundation Research Assistantship
June 2017 – present
WSSA Graduate Student Travel Experience
June 2018
Botany and Plant Pathology Student Travel Award
February 2018
Monsanto STEM Fellowship ($50,000)
August 2017
Certificate of Excellence in Interdisciplinary Research,
Purdue Office of Interdisciplinary Graduate Programs Spring Reception
May 2017
• Purdue Teaching Academy Graduate Teaching Award
April 2017
• Weed Science Society of America
• 2017/2018 - 2nd Place Ph.D. Student Paper Contest
• North Central Weed Science Society
• 2017 – 1st Place Graduate Student Extension Video Contest
• 2015/2016 - 2nd Place Graduate Student Paper Contest
• 2015 - 1st Place Graduate Student Poster Contest
TEACHING EXPERIENCE
BTNY 304: Introductory Weed Science,
August 2016 – December 2016
Purdue University
• Organize assignments and weekly laboratory sessions including weed identification,
herbicide mode of action, and sprayer calibration
• Managed and recorded grades for over 70 students
• Advised students interested in graduate school or next step in their career
• Guest lectured for Dr. Young: Herbicide Behavior in Soil
PROFESSIONAL SOCIETIES
American Indian Science and Engineering Society
North Central Weed Science Society
Society of Women Engineers
Weed Science Society of America
VOLUNTEER ACTIVITIES
Weed Science Technical Advisor, agBOT Challenge
February 2016 – present
• Instruct robotics teams on the botanical aspects of weed science including weed
identification and control options through online presentations and individualized
email support
• Prepare and implement station at NextGen Expo for middle and high school students
on the background and importance of weed science within agriculture
Ambassador, Cornell Alumni Admissions Ambassador Network
April 2016 – present
• Represent Cornell in the Lafayette, IN area by organizing and conducting meetings
with student applicants
• Mentor and support students on the college decision process

153

College of Agriculture Graduate Student Advisory Council, Purdue University
August 2016 – present
• Represent the Botany and Plant Pathology department and provide input to guide the
direction for the graduate programs and initiatives for the College of Agriculture
• Design rubrics, review submitted proposals, and expand awareness for several collegewide faculty and graduate student awards
• Advertise and serve at college-wide events aimed at improving graduate student wellbeing
PROFESSIONAL MEDIA
McCauley CL, Boe JE, Winklepleck C, Steppig NR, Young BG. Nozzle selection and
boom
height:
two
factors
that
affect
herbicide
particle
drift.
https://www.youtube.com/watch?v=IHWBlHnIOn4
PUBLICATIONS
McCauley CL, Johnson WG, Young BG (2018) Efficacy of halauxifen-methyl on
glyphosate-resistant horseweed (Erigeron canadensis). Weed Science: In Press
MANUSCRIPTS IN PREPARATION
McCauley CL and Young BG (2018) Differential response of horseweed (Erigeron
canadensis) to halauxifen-methyl compared with 2,4-D and dicamba.
McCauley CL, Bhide K, Thimmapuram J, Banks JA, Young BG (2018) Comprehensive
transcriptome analysis of the synthetic auxin herbicide response in the problematic weed
species Conyza canadensis
McCauley CL, McAdam SAM, Young BG (2018) Auxin herbicides trigger ABA
biosynthesis independently of turgor or ethylene
INVITED PRESENTATIONS
McCauley CL. Arylex™ Active Research Exchange Meeting: Purdue’s Story. Dow
AgroSciences Arylex™ Research Exchange Meeting, Phoenix Arizona, February 2017
McCauley CL. 2,4-D vs. Dicamba on Marestail. various Purdue University Extension
Meetings throughout Indiana, November/December 2016
PRESENTATIONS
McCauley CL, Young BG. Are all auxin herbicides created equal? A transcriptome
analysis of the auxin herbicide response in horseweed (Conyza canadensis). Weed Science
Society of America, Arlington, Virginia, January 2018
McCauley CL, Young BG. Differential gene expression in horseweed (Conyza
canadensis) in response to halauxifen-methyl, dicamba, and 2,4-D. North Central Weed
Science Society, St. Louis, Missouri, December 2017
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McCauley CL, Young BG. Using RNA-Seq to examine gene expression differences
between foliar-applied auxin herbicides on horseweed (Conyza canadensis). Office of
Interdisciplinary Graduate Programs Spring Reception, Purdue University, West Lafayette,
Indiana, May 2017
McCauley CL, Young BG. Are all auxin herbicides created equal? Investigating
differences between 2,4-D and dicamba. Weed Science Society of America, Tucson,
Arizona, February 2017
McCauley CL, Young BG. Control of glyphosate-resistant horseweed (Conyza
canadensis) with halauxifen-methyl versus dicamba and 2,4-D. North Central Weed
Science Society, Des Moines, Iowa, December 2016
McCauley CL, Young BG. How much does horseweed (Conyza canadensis) height or
developmental stage influence the efficacy of halauxifen-methyl, dicamba, and 2,4-D?
North Central Weed Science Society, Des Moines, Iowa, December 2016
McCauley CL, Young BG. Differential response of horseweed (Conyza canadensis) to
auxin herbicides. Weed Science Society of America, San Juan, Puerto Rico, February 2016
McCauley CL, Young JL, Young BG. Efficacy of foliar applications of halauxifen-methyl
compared to 2,4-D and dicamba on glyphosate-resistant horseweed (Conyza canadensis).
North Central Weed Science Society, Indianapolis, IN, December 2015
McCauley CL, Young BG. Influence of horseweed (Conyza canadensis) height on the
efficacy of halauxifen-methyl, dicamba, and 2,4-D. North Central Weed Science Society,
Indianapolis, IN, December 2015
McCauley CL, Bell JL, Schmitzer PR. Chemical specificity associated with herbicidal
tolerance in AFB5-deficient Arabidopsis. Weed Science Society of America, Vancouver,
BC, Canada, February 2014
McCauley CL, Morales L. Investigating mechanisms of resistance to Fusarium ear rot in
maize. Rebecca Nelson Lab Research Symposium, Ithaca, NY, December 2013

